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ABSTRACT
The incidence and known distribution of paralytic shellfish poisoning (PSP) have
both increased dramatically in recent decades. A concurrent rise in bloom frequency and
geographic range ofPSP toxin-producing Alexandrium dinoflagellates explains the
increase in PSP, but the reasons for changes in Alexandrium occurrence are unown.
This thesis explores the phylogeny, taxonomy, and biogeography of Alexandrium in light
of this recent expansion.
Alexandrium phylogeny was reconstrcted through rDNA sequence analysis and
compared to traditional morphological taxonomy. Alexandrium split into two groups,
termed the a and ß clades. Interspecific relationships did not correlate with the
morphological traits traditionally used to identify and group species, although other traits
appeared phylogenetic ally conserved. The ability to produce toxins has been acquired
and/or lost multiple times during Alexandrium evolution.
Because most PSP events are caused by either the tamarensis or minutum complexes, the
phylogeny, species definitions, and biogeography of each complex was examined. The
morpho species of the tamarensis complex, A. eaten ella, A. tamarense, and A. fundyense,
did not represent valid species by the phylogenetic, biologic or morphological species
concepts. Instead, five crytic species were identified through phylogeny and mating
incompatibility. A. universa and A. toxipotens contain all toxic strains, while A.
mediterra, A. tamarensis and A. tasmanense contain only non-toxic isolates. Within the
minutum group, A. lusitanieum and A. angustitabulatum were also not distinct species
based on morphology and phylogeny while A. insuetum and A. tamutum were clearly
distinct. Three new minutum group species were identified on the basis of morphology,
phylogeny and prior research. Unlike the pattern found for the tamarensis complex, toxic
and non-toxic A. minutum strains cannot be segregated based upon LSU sequences. The
reconstrcted biogeography of the tamarensis and minutum complexes indicate that both
natural dispersal and human-assisted transportation of Alexandrium have caused the
geographic spread. Human-assisted transport of toxic A. eaten ella-type cells from Asia
to the Thau Lagoon, France, was demonstrated in chapter iv.
This thesis demonstrates the importance of human action in the recent PSP increase,
better defines species boundaries and provides an invaluable genetic database for tracking
future Alexandrium spread and distinguishing between harmful and non-toxic
Alexandrium blooms.
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Chapter I: Introduction
A harmful algal bloom (HAB) is an increase in the abundance of a particular algal
species which causes detrimental effects. These effects can be in the form of aerosolized
toxins, toxins which pass from the algae through the food chain to bioaccumulate in fish
or shellfish or anoxia caused by the decay of the algal biomass (Anderson, 1994;
Hallegraeff, 1993). HAB toxins can cause severe il health, with effects ranging from
vomiting, diarrhea, amnesia, paralysis and death (Hallegraeff, 1993). Fishery closures
and health effects can also result in substantial economic losses (Hallegraeff, 1993). The
impact of HAs on human society has grown with our increased reliance on fisheries and
use of coastal oceans for aquaculture (Halle graeff, 1993). HABs can also effect animal
populations, causing fish death (Cembella et aI., 2002) and illness and death to marine
mammals (Durbin et aI., 2002; Trainer et aI., 2001).
The incidence of HABs and the number of areas in which they occur have both risen
dramatically in the past thirty years (Anderson, 1989; Hallegraeff, 1993). This increase is
especially apparent for the paralytic shellfish poisoning (PSP) syndrome, which was
known from only North America, Europe and Japan in 1970 (Dale and Yentsch, 1978),
and is currently found in multiple countries on all six temperate continents (Fig. 1,
Anderson, 2001, Hallegraeff, 1993).
9
PSP is caused by saxitoxin and its congeners (Hall et aI., 1990), neurotoxins so potent
that a minute quantity, less than 500i.g, can be fatal to humans (Hallegraeff, 1993).
Several types of microalgae can produce these toxins, including cyanobacteria,
dinoflagelletes of the genus Alexandrium, Gymnodinium eatenatum and Pyrodinium
bahamense (Hall et aI., 1990). In tropical areas, PSP is often caused by P. bahamense or
G. eatenatum (Oshima et aI., 1993, Usup et aI., 1994) Some Alexandrium species can
cause PSP in tropical climates, notably A. eohortieula and A. tamiyavaniehii (Fukuyo et
aI., 1988, Kodama et aI., 1988; Usup et aI., 2002). In temperate areas, PSP toxins are
produced by other species of Alexandrium. At least a third of the approximately 30
species of this genus are known to produce toxins, though most toxic events are caused
by species in either the tamarensis or minutum species complexes (Balech, 1995; Taylor
et aI., 1995).
Alexandrium is a medium sized, simply shaped, generally autotrophic dinoflagellate
found in coastal waters throughout the globe (Fig. 2, Balech, 1995). Though nearly
mono specific blooms are occasionally observed, Alexandrium is often a minor
component of the phytoplankton, (Anderson, 1997, 1998; Cembella et aI., 2002). Even
so, it can pose a serious threat to public health at concentrations as low as a few hundred
cells per liter due to the extreme potency of the toxins (Hall et aI., 1990). Alexandrium
populations are generally highest in the spring in temperate waters, and along frontal
zones when nutrient levels are higher (Anderson, 1998; Gayoso, 2001, Giacobbe et aI.,
1996).
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When nutrient levels decline at the end of an Alexandrium bloom, the haploid vegetative
cells are stimulated to form gametes. Gametes of compatible mating tyes fuse to form a
zygote which transforms into a resting cyst. The cysts are deposited in the sediments,
where they are capable of remaining dormant for years. Only when oxygen, light, and
temperatue are optimal will the cysts germinate. The newly excysted cell divides by
binary fission into vegetative cells. Under optimal conditions, these vegetative cells
reproduce asexually to form blooms (Fig. 3, Anderson, 1998).
Because the dormant cysts of Alexandrium can survive without oxygen or light, it was
hypothesized that they could survive for indefinite periods of time in the ballast water
tanks of shipping vessels (Hallegraeff and Bolch, 1991). Surveys of ballast water have
indeed found Alexandrium cysts which have been successfully germinated into toxic
Alexandrium cultures (Hallegraeff and Bolch, 1991).
Transportation of Alexandrium in ballast water to areas previously unaffected by PSP is
one possible cause for the recent range expansion (Anderson, 1989; Hallegraeff, 1993).
Human assisted-transportation could also occur with the importation of shellfish seed
stock from an infected area, as Alexandrium are capable of surviving passage through the
guts of commonly farmed shellfish (Laabir and Gentien, 1999).
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Alexandrium may also be spreading through natural means from areas where PSP is well
known to adjacent areas, being transported by currents and weather phenomena. In other
areas, it is likely that Alexandrium were always present in very low numbers, and have
only recently been stimulated to bloom (Anderson, 1989; Hallegraeff, 1993). Either of
these two scenarios probably involves some environmental change that has allowed
Alexandrium to floursh where previously it did not. This change could be in the form of
human alteration of habitat, coastal eutrophication, global warming, EI Niño events, or
some other means.
A fourth possibility that cannot be ignored relates to the fact that scientific awareness and
monitoring for harmful algae have risen in recent decades. Alexandrium might be newly
documented where they have hitherto been unkown simply because they were not
sought (Anderson, 1989; Hallegraeff, 1993). In most cases, this possibility is difficult to
exclude, but monitoring records from areas in areas such as the French coastline (Abadie
et aI., 1999) clearly show that that the range expansions of Alexandrium are reaL.
One of the major goals of this thesis was to examine the biogeography of Alexandrium
and to apply this information to reconstruct possible mechanisms of dispersaL. Before
this was possible, however, a phylogenetic framework was needed to determine the
relationships among Alexandrium species and strains. Taxonomy in Alexandrium has
traditionally relied upon cell shape, chain forming ability and minute details of thecal
plate tabulation (Balech, 1995), and careful examination and expertise are often required
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to avoid confusing similar species. Because certain Alexandrium species can pose a
serious human health threat, the morphology and taxonomy of this genus have been
extensively studied and revised (e.g. Balech, 1985; Balech, 1995, Fukuyo, 1985; Taylor,
1984, 1985, Taylor et aI., 1995). Despite this effort, no consensus has been reached as to
which morphological details are taxonomically useful and which species are valid. The
taxonomic confusion and diffculty involved in correctly identifying some Alexandrium
species mean that Alexandrium are often misidentified, which could confound
biogeographic studies.
Taxonomic difficulty is not uncommon when considering single-celled organisms, and
researchers in many fields have turned to molecular tools to clarify relationships among
all types of organisms. Protein electrophoresis (Cembella and Taylor, 1986; Hayhome et
aI., 1989; Sako et aI., 1990) and antibody experiments (Costas et aI., 1995; Sako et aI.,
1993) yielded confusing results. Analysis of ribosomal RNA genes (rDNA) offered a
potential explanation: morphologically defined species did not necessarily correlate with
phylogenetic lineages, especially within the tamarensis complex and A. minutum and A.
lusitanieum (Scholin et aI., 1995; Scholin et aI., 1994; Spalter et aI., 1997; Walsh et aI.,
1998).
Unfortnately, DNA-based studies of Alexandrium phylogeny have been limited in the
range of species examined with no study including more than a third of Alexandrium
species or multiple representatives of most species. The second chapter of this thesis
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provides a more comprehensive phylogeny, and uses it to assess the stability of key
morphological traits used in taxonomy. The evolution of toxicity in Alexandrium is also
explored, and found to be more complex than previously realized.
Nearly all PSP-causing Alexandrium blooms involve species of either the tamarensis
complex, (A. eatenella, A. tamarense, and A. fundyense), or the minutum groups, (A.
minutum, A. lusitanieum and other small species) (Cembella, 1998). Interestingly, both
of these groups also contain non-toxic strains (Hingman et aI., 2001, Kodama et aI.,
1987).
The tamarensis complex is the more well-studied of the two, as until the 1980s A.
minutum was known from only a limited geographical distribution (Hallegraeff et aI.,
1988). There is a surrisingly large database of large subunit ribosomal DNA (LSU
rDNA) sequences for the tamarensis complex in the literature and in GenBank (Hingman
et aI., 2001, Kim et aI., 2003; Kim and Kim, 2002, Scholin et aI., 1994). The first rDNA
studies included strains from North America, western Europe, and Japan (Scholin and
Anderson, 1994; Scholin et aI., 1994), the areas from which the tamarensis complex was
originally known (Hallegraeff, 1993) and Australia, where the tamarensis complex first
caused PSP in 1986 (Hallegraeff et aI., 1988). There was no correlation between
phylogeny and morphospecies; rather, phylogenetic clades corresponded with the
geographic origins of the strains (Scholin and Anderson, 1994; Scholin et aI., i 994). An
unexpected correlation between phylogeny and toxicity was also observed; each clade
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contained either only toxin-producing strains or only non-toxic strains. These intriguing
results have prompted DNA sequence analysis of tamarensis complex strains in the
United Kingdom (Hingman et aI., 2001) and South Korea (Kim et aI., 2003, Kim and
Kim, 2002). These studies have been informative, but large gaps in our knowledge still
exist. There was no data available for Russia, South America or South Africa, three
locations where PSP and Alexandrium have now been documented. Chapter III of this
thesis provides this data and combines it with the existing sequence data to produce a
trly comprehensive global phylogeny. Mechanisms of dispersal, evolution of toxicity
and species boundaries within the tamarensis complex were evaluated in context with
this phylogeny.
The biogeographic reconstrction produced in chapter III highlighted an unusually clear-
cut case of a human-introduced toxic population of tamarensis complex Alexandrium in
the Thau Lagoon, France. A monitoring program in place along the French coast
provided a decades worth of data in that lagoon showing only A. minutum (Abadie et aI.,
1999). Chapter iv documents the arrival of eatenella type Alexandrium in this lagoon,
and uses DNA sequence data, morphological observations and analysis of toxin
composition to demonstrate that this population was introduced from the Western Pacific.
Chapter V focuses on the A. minutum and related species. While A. minutum, the type
species for Alexandrium has been known since 1960 (Halim, i 960), this species has
received limited attention from the scientific community. In part this was due to its
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limited geographic range; until recently, A. minutum was known only from the warm
waters of the Mediterranean Sea, Taiwan and New Zealand (Hallegraeff et aI., 1988).
The distribution of A. minutum is now known to include Australia, New Zealand, the
North Sea, the Baltic Sea and India in addition to these areas, and the frequency of toxic
blooms caused by A. minutum is also increasing (see chapter V). No substantial genetic
analyses had been done on A. minutum, but the few available sequences, morphologic and
toxigenic analysis of A. minutum and A. lusitanieum strains suggested that these
morphospecies may be a single species (Franco et aI., 1995; Zardoya et aI., 1995).
Chapter V provids a DNA-based phylogeny of A. minutum, A. lusitanieum, and the other
small species A. insuetum andA. tamutum. Detailed morphological analysis of thecal
plate shapes and sizes was used to determine that the morphologically defined species A.
lusitanieum and A. angustitabulatum were variants of A. minutum, and not separate
species. The biogeography of this group is also explored and dispersal patterns
reconstructed.
Through these chapters, this thesis explores the phylogeny, taxonomy, and biogeography
of Alexandrium as a whole, with particular focus on the two most important PSP-causing
groups within the genus. The results are examined in light of the recent range and bloom
expansion, and reconstructions of the biogeography and dispersal of these organisms
were put forth. This thesis clarifies species definitions, provides an excellent tool for
tracking the origins of Alexandrium populations discovered in the futue, and clearly
16
demonstrates the need for further strict controls on ballast water discharge to control
.. .invasive species.
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Figure 1 The known global distribution of paralytic shellfish poisoning in 1970 (top)
and 2000 (below), modified from Anderson (2001).
18
.P$P
2000
Figure 1.
':."l
~
r
I
"', ,
/
~
,$ ')
',/.
).')
',' 1. '#t'
,l, ,.\. ~"f~ . '!,
...
"
. ''\
; ~"':).-i'.i'
'f'" 'I.
~.
19
.
"
:¡
~
":,'1"rI.
"
'J/
"
i.~,
, .
/ t
,-it
V.'
;~;
1 .~ , ~
¡
!
.:
; )
/
.-
.~
)
Figue 2: Alexandrium cells. A. A. minutum stained with calcofluor white (Chapter V),
B: A. eatenella light micrograph (Chapter IV).
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Figue 3. The Alexandrium life cycle. 1: cysts can lay dormant in the sediments for
years, 2: when light, temperatue and oxygen occur at suffcient levels, cysts may
germinate to produce a single cell which can then divide by simple fission, 3: if
conditions are optimal, vegetative cells can divide exponentially to bloom proportions, 4:
when nutrents or other factors are limiting, vegetative cells produce gametes, which then
fuse with gametes of compatible mating tyes to form zygotes, 5. zygotes form cysts,
which deposit in ocean sediments and become capable of germinating the following year.
Modified from Anderson (1998).
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Chapter II: Phylogeny of the toxic dinoflagellate genus Alexandrium (Dinophyceae)
ABSTRACT
Alexandrium (Halim) is a cosmopolitan dinoflagellate genus containing at least 10
recognized species responsible for paralytic shellfish poisoning (PSP) and numerous non-
toxic species. Because of the human health and economic impacts of PSP, Alexandrium
morphology and taxonomy have been extensively studied, reevaluated and modified, yet
there is stil confusion regarding species identification and relationships. DNA sequence
data provides an independent means of assessing Alexandrium phylogeny, but previous
work has been limited in species and geographic representation. We analyzed D1-D2
LSU rDNA sequence data for 52 strains in 16 morpho species using phylogenetic
reconstruction model testing, nested maximum likelihood analyses and Bayesian
analysis. Alexandrium split into two groups, termed the a clade and the ß clade. More
descriptive names could not be assigned as no apparent morphological trait was shared by
all members of each clade. The a clade was strongly supported, and included the
tamarensis complex, a clade containing A. a/ne and A. eoneavum, and a clade of the
tropical species, A. tamiyavaniehii and A. tropieale. The ß clade comprised species of
vanous morphologies, including A. minutum, A. lusitanieum, A. insuetum, A, "tamutum, JJ
A. ostenfeldii, A. leei, A. pseudogonyaulax, A. margelefii and A. andersoni. Interspecific
relationships within these clades were unexpected and did not correlate with the
morphological traits traditionally used to group species. However, other morphological
traits, such as the shape of the posterior sulcal (S.p.) plate, appeared to be
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phylogenetic ally conserved, and may be useful in establishing a revised Alexandrium
taxonomy. Toxicity also did not correlate with phylogeny, as toxic and non-toxic
Alexandrium strains were dispersed throughout the tree, suggesting that the ability to
produce toxins has been acquired and/or lost multiple times during Alexandrium
evolution.
INTRODUCTION
Alexandrium is a cosmopolitan genus of dinoflagellates containing approximately 30
recognized species (Balech, 1995). At least a third of Alexandrium species produce
toxins, including spirolides (Cembella et aI., 2001), saxitoxin and its congeners, which
are responsible for paralytic shellfish poisoning (PSP) (Taylor et aI., 1995). PSP can
cause permanent neurological problems, paralysis, and death in humans (Hall et aI.,
1990) and marine mammals (Durbin et aI., 2002). PSP is also of concern due to the high
cost of monitoring for toxicity and the fiscal losses incured with shellfish industry
closures and health effects. It is therefore alarming that both the bloom frequency and
geographic range of Alexandrium species appear to have increased substantially in the
past thirty years (Anderson, 1989; Hallegraeff, 1993; Lily et aI., 2002, Vila et aI., 2001).
Determining the causes of this range expansion and ensuring suffcient warning when
toxic species are present both require accurate identification and delineation of
Alexandrium species. Alexandrium is a round, relatively non-descript dinoflagellate with
no horns or spines, which means that assigning a specimen to a morphologically
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recognized species relies upon minute details of thecal plate tabulation (Balech, 1995)
and requires expertise and careful examination to avoid confusing similar species (e.g., A.
tamarense and A. tropieale ).
Because of the human health risk and economic impacts associated with certain
Alexandrium species, the morphology and taxonomy of this genus have been extensively
studied by multiple scientists. Despite this effort, there is stil disagreement as to which
morphological details are taxonomically useful (e.g. Balech, 1995; Kim et aI., 2002;
Taylor et aI., 1995) and there have been many revisions to the taxonomy of these
dinoflagellates. Species have been combined or split and new species are continuing to
be proposed (Anderson et aI., 1994; Kita and Fukuyo, 1988; MacKenzie and Todd, 2002;
Moestrup and Hansen, 1988; Montresor et aI., 2002), and the Alexandrium genus has
been divided and renamed so often that it currently contains species once variously
described in the genera Alexandrium, Gonyaulax, Goniodoma, Pyrodinium, Gessnerium,
Protogonyaulax and Glenodinium (Balech, 1995). This taxonomic confusion and the
diffculty involved in identifying a species means that strains are frequently misidentified
as similar or common species.
Recent taxonomic and phylogenetic work on Alexandrium has continued research on
morphological traits (Kim et aI., 2002; Yoshida and Fukuyo, 2000) and incorporated
independent features such as biochemical (Hayhome et aI., 1989; Taylor, 1993) and DNA
sequence comparisons (Adachi et aI., 1996; Scholin et aI., 1994; Walsh et aI., 1998).
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Conclusions based on these different techniques conflct in terms of species delineation,
especially within the tamarensis species complex (A. tamarense, A. eatenella and A.
fundyense), Studies of Alexandrium phylogeny (Adachi et aI., 1996; Scholin et aI.,
1995; Scholin et aI., 1994; Usup et aI., 2002; Walsh et aI., 1998) have been limited in the
range of species examined with no study including more than a third of Alexandrium
species or multiple representatives of species not within the tamarensis complex.
Most DNA-based research is focused on the tamarensis species complex due to the
predominance of highly toxic strains within this group. Yet non-toxic strains also occur
in the tamarensis complex, and toxic strains occur in several other species (Chang et aI.,
1997; Hansen et aI., 1992; Kodama et aI., 1987; Ogata et aI., 1987). The evolution of
toxicity in Alexandrium is unkown due to the lack of a detailed reconstrcted
phylogeny, and this has prevented the development of hierarchical probes delineating
toxic and non-toxic Alexandrium.
The primary goal of this study was to produce a robust phylogenetic framework for
Alexandrium. To this end, we used the DIR-D2C region of large subunit (LSD) rDNA
data to examine the evolutionary history of 52 Alexandrium isolates representing the
diversity of this genus. Phylogenetic analyses improved upon previous work by
incorporating known parameters from Alexandrium LSU data into models of nucleotide
evolution in likelihood and Bayesian analysis. We used this evolutionary framework to
test proposed classification schemes and draw inferences about Alexandrium evolution,
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morphology and toxin production. This work provides an independent genetic context
for futue morphological taxonomic work.
METHODS
Cultures. Table 1 lists the strains used in this study with their morpho species
identification, locality of origin, toxicity, GenBank accession number and original
citation. Strains were chosen to include representatives of all available Alexandrium
species and several closely related genera as potential outgroup taxa. When more than
one strain or sequence of a particular species was available, strains representing multiple
geographic locations were chosen. Sequences from the literatue represented a variety of
authors and previous studies (Band-Schmidt et aI., 2003; Daugbjerg et aI., 2000; Godhe
et aI., 2001, Guilou et aI., 2002; Haywood and MacKenzie, 1997; Kim and Kim, 2002;
Lenaers et aI., 1989; Rehnstam-Holm et aI., 2001; Scholin et aI., 1994; Walsh et aI.,
1998, Zardoya et aI., 1995). New sequences were derived from 27 cultures maintained as
described by Anderson et ai. (1984). Cultures were incubated at 15,20 or 26°C,
depending upon which temperature most closely approximated the natural environment.
DNA extraction. Because the multiple membranes and thecae of dinoflagellates
can be difficult to rupture, we used a modified DNA extraction protocoL. Cultures were
harvested in mid-exponential phase and subjected to osmotic shock with the addition of
deionized water at 4 times the culture volume to induce ecdysis. The cells were
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centrifuged and the pellet resuspended in 100 i.l of the lysis buffer provided in the
Qiagen (Valencia, CA) DNeasy kit. Samples were boiled for 25 minutes, frozen to
-20°C and thawed on ice. Whole cell lysis products were used directly or the DN easy
protocol was then followed as recommended by the manufacturer.
peR amplifcation ofDl-D2 LSUrDNA. Approximately 700 basepairs (bp) of
divergent domains 1 and 2 (D1-D2) of the large subunit ribosomal DNA (LSU rDNA)
were amplified from purified DNA or whole cell lysis products using the polymerase
chain reaction with the D1R and D2C primers and 1-5 ng template, as previously
described (Scholin and Anderson, 1994). Products were purified in Qiagen MinElute
PCR purification columns and stored in autoclaved distiled deionized water (dDIW) at
-20°e. The concentration of purified products was determined relative to a DNA mass
marker ladder (Low DNA Mass Ladder; Life Technologies, Carisbad, CA).
DNA sequencing. DNA sequencing was conducted from purified PCR products
with BigDye version 3.0 from Applied Biosystems, inc. (ABI; Foster City, CA). We
used 6 i.l volumes, with 20 ng template, 1.5 i.M primer and 1 i.l BigDye. Reactions were
ru for 30 cycles of 96°C for 30 sec; 50°C for 15 sec; 60°C for 4 min, with a final hold at
4°C. Reactions were purified in Sephadex (Amersham Biosciences Corp., Piscataway,
NJ) columns or via isopropanol precipitation, then vacuum dried and stored at -20°e.
Reactions were later resuspended in loading dye and run on either an ABI 377 or ABI
3700. Templates were sequenced in both directions.
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DNA sequence analysis. Sequences were examIned using the ABI Sequencing
Analysis and AutoAssembler software and checked for accuracy of base-calling.
Sequences were assembled in ABI AutoAssember and again checked. Two alignments
were created using Clustal X (Gibson et aI., 1994) and checked in MacClade (Maddison
and Maddison, 2000). The first contained six representative Alexandrium strains and the
possible outgroup taxa. The second alignment included all Alexandrium sequences and a
single outgroup taxa chosen after analysis ofthe first alignment. For both data sets,
ambiguously aligned portions were excluded, and the final alignments were submitted to
GenBank.
The Modeltest program (Posada and Crandall, i 998) was used to determine the most
appropriate substitution model and associated parameters. PAUP version 4.0b10
(Swofford, 2002) was used for phylogenetic analyses. A parsimony analysis (1000
random-sequence-addition replicates with tree-bisection-reconnection branch swapping)
was used to generate starting trees for maximum likelihood analyses using model
parameters generated in Modeltest. One hundred bootstrap replicates were run.
Robustness of the tree was examined by running additional analyses without the
outgroup, without each of the taxa with exceptionally long branches, AiFr, AP2T and
AIMSO 1, and with only a single randomly selected isolate for each morphospecies.
Bayesian analyses were also ru, using Mr. Bayes 2.01 (Huelsenbeck and Ronquist,
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2001) and Modeltest parameters. The analysis was run for 100,000 generations with 6
chains. Trees were sampled every ten generations.
Statistical testing. In addition to the bootstrap analyses, Shimodaira-Hasegawa
likelihood-ratio tests (Shimodaira and Hasegawa, 1999) were preformed to test various
hypotheses of Alexandrium evolution and stability of key nodes (shown in Fig. 3). The
constraints used to generate tree topologies of selected hypotheses are listed in Table 2.
For each constraint, nested maximum likelihood analyses were ru using PAUP as
described above. Shimodaira-Hasegawa tests using RELL bootstrap (one-tailed tests)
were carried out using P AUP.
RESULTS
Outgroup analysis.
The data set included 16 taxa, including representatives of Alexandrium and its nearest
relatives. Because the analysis focused on divergent regions of rDNA, much of the
sequence could not be aligned with complete certainty and was excluded from this
analysis. Of the 372 included characters, 127 were constant, 52 were variable but
parsimony-uninformative, and 194 were parsimony informative.
Model testing. ModelTest estimated nucleotide frequencies as A=0.3384,
C=0.1474, G=0.2411, and T=0.2731 The best fit to the data was obtained with six
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substitution types and rates, (AC: 1, AG: 1.8074, AT: 0.5516, CG: .5516, CT' 5.7708,
GT: 1), with among-site rate variation (a = 0.7705 with four rate categories) and no sites
assumed to be invariable. These setting correspond to the TIM+G model (Rodriguez et
aI., 1990).
Phylogenetic analysis. Fragildium fell as a sister clade to Alexandrium, with
Gonyaulax baltica outside that clade (Fig. 1). However, G. baltica branch lengths were
shorter than those of F. subglobosum and approximately 100 bp more Alexandrium
sequence could be unambiguously aligned with the G. baltica sequence than with the F
subglobosum sequence. Therefore, G. baltica, K-0487, was chosen as the outgroup for
subsequent analyses.
Analysis of Alexandrium.
The final data set included 708 characters, with 105 excluded for ambiguous alignment.
Of the 603 included characters, 186 were constant, 139 were variable but parsimony
uninformative and 278 were parsimony informative.
Model testing. ModelTest estimated nucleotide frequencies as A=0.2850,
C=0.1495, G=0.2551, and T=0.3104. The best fit to the data was obtained with six
substitution types and rates, (AC: 1, AG: 2.1189, AT: 0.7789, CG: .7789, CT' 3.7929,
GT: 1), with among-site rate variation (a = 0.7574 with four rate categories) and no sites
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assumed to be invariable. These settings correspond to the TIM+G model (Rodriguez et
aI., 1990).
Phylogenetic analysis Parsimony analysis returned 6264 most parsimonious
trees, (tree length = 1068). This set of trees was arbitrarily dichotomized and scored in
P AUP (Swofford, 2002) using the likelihood model criteria. The 108 trees with the best
likelihood score (-In 4422.16) were used as starting trees for the likelihood analysis. A
single most likely tree of score -In 4332.71 was found (Fig. 2a). The same tree topology
was returned in analyses without the outgroup, without long-branch taxa and with a
single randomly selected strain of each morphospecies. Bootstrap analysis results are
shown in bold tye on Fig. 2b. A complete list of likelihood ratio tests, scores and p
values is shown in Table 2 and pictued on Figures 2b and 3
Bayesian analysis converged upon a likelihood score fluctuating around 4990 after 9140
generations. The first 914 trees were discounted as burn-in, and a consensus tree was
computed using the remaining 9086 trees. The consensus tree was identical to the most-
likely tree produced by P AUP with one exception: the A. tamiyavanichii sequence was
placed immediately basal to isolates CU-13, CU-15 and SA1 Likelihood ratio tests
indicate that this difference is not significant (Table 2, X p=0.838). Posterior probability
values (ppv) were always higher than the bootstrap values (bv) for the same node unless
both were 100%. Posterior probability values are noted on Fig. 2b in italics.
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Tree topology and support. The Alexandrium are split into two groups, termed
the a clade and the ß clade (Fig. 2 and 3). More descriptive names could not be assigned
as no apparent morphological trait is shared by all of the members of each clade. The a
clade contained three subclades: the tamarensis complex, (A. tamarense, A. catenella and
A. fundyense, bv 97; ppv 100), a clade consisting of A. affne and A. con cavum (bv94;
ppv 100), and a clade consisting of the tropical species A. tamiyavanichii and A. tropicale
(bv 100; ppv 100). Within the tamarensis complex, the three morpho species A.
tamarensis, A. catenella and A. fundyense intermingled, and the separation of the thee
morpho species into separate clades was significantly less likely (Table 2, S p=O.OOO).
The tamarensis complex fell as a sister clade to the A. tropicale/tamiyavanichii clade, but
support for this pairing was not extremely high (bv 70; ppv 85). The a clade was well
supported in all analyses (ppv 100; bv 93), although the best tree without the type C clade
was not significantly less likely (Table 2, J p=0.447).
The ß clade was composed of the morphospecies A. minutum, A. lusitanicum, A.
insuetum, A. "tamutum," A. ostenfeldii, A. leei, A. pseudogonyaulax, A, margelefii and A.
andersoni. The ß clade was not as robust as the a clade and was sensitive to alignment
(bv -c60; ppv 70). A. lusitanicum and A. minutum isolates formed a single clade (bv -c60;
pp 95), as did A. insuetum clade (bv 63, ppv 94). A. "tamutum" isolates from Italy
formed a monophyletic clade, but a morphologically identical A. "tamutum" strain from
Taiwan grouped outside this clade. The A. ostenfeldii clade formed a monophyletic clade
related to the A. minutum group, but support was low (bv -c60; ppv 85). However,
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support was high for each of two clades formed within the A. ostenfeldii, one composed
of sequences from New Zealand (bv 84; ppv 99), the other of sequences from the Gulf of
Maine and Denmark (bv 99; ppv 100). A. leei and A. pseudogonyaulax formed a single
clade with extremely high support (bv 100; ppv 100), but it should be noted these strains
had very long branch lengths in comparison to the remainder of the tree. The four A.
margelefii strains formed a well-supported monophyletic clade (bv 100; ppv 100), placed
as sister taxa to the A. leei and A. pseudogonyaulax strains. However, in several
constraint trees examining other issues, the A. margelefii clade was placed as a basal
member of the a clade, and the most likely tree produced placing A. margelefii with the a
clade was not significantly less likely (Table 2, BB p=0.838). A. andersoni was
positioned basally branching in the ß clade, but support for this placement was low (bv
..60; ppv 70).
Morphology vs. molecular systematics. Some morphospecies designations (e.g.
A. margelefii and A. ostenfeldii) corresponded well with the tree topology. However,
some clades contained strains of multiple morphospecies, and some morpho species were
found in multiple clades (e.g. A. tamarense/fundyense/catenella and A.
minutum/lusitanicum). A search constrained by morphospecies resulted in a
significantly less-likely tree (Table 2, A p=O.OOO). Modifying these criteria to include the
soon to be described species A. tamutum (Montresor et aI., 2002), which shares many
morphological characteristics with A.. tamarense, did not improve the result (Table 2, B
p=O.OOO).
40
Within the tamarensis complex, the three morpho species (A. tamarensis, A. catenella and
A. fundyense) intermingled. A tree constrained to separate the three morphospecies into
separate clades resulted in a significantly less-likely tree (Table 2, S p=O.OOO). Constraint
trees combining the A. minutum/lusitanicum and A. "tamutum JJ clades were not
significantly less likely (Table 2, M p=0.155), but neither is a clade combining the A.
minutum/lusitanicum and A. insuetum (Table 2, 0 p=0.865). While the position of these
clades in relation to one another was uncertain, it is clear that the A. "tamutum JJ strains
were much more closely related to the A. minutum/lusitanicum than to A. tamarense, the
other morpho species A. "tamutum JJ resembles (Table 2, Table Y p=O.OOO, Z p=O.OOO). A.
leei and A. pseudogonyaulax formed a single clade with extremely high support (bv 100;
ppv 100). These morpho species are morphologically quite distinct, making
misidentification of one of the strains unlikely. It should be noted these strains have very
long branch lengths in comparison to the remainder of the tree which may have promoted
long branch attraction. However, attempts to separate these strains produced a
significantly less-likely tree (Table 2, H p=0.003, K p=0.014).
Likelihood ratio tests were also performed for groups of species sharing morphological
features. Balech (1995) described two subgenera in Alexandrium, Alexandrium and
Gessnerium, based upon the presence or complete absence of a connection between the l'
plate and the apical pore complex (Po). A likelihood ratio analysis testing these
hypothesized subgenera resulted in a significantly less-likely tree (Table 2, C p=0.002).
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Constrained searches were also run for the other species groupings described in Balech
(1995): thefraterculus group of dorso-ventrally flattened chain formers (Table 2, D
p=O.OOO), the minutum group of species with small cell size (Table 2, E p=0.726), and the
minutum group modified to include the A. "tamutum JJ strains (Table 2, F p=0.716). It
was also unlikely that all chain forming species are more closely related to one another
than to non-chain forming species (Table 2, FF p=O.OOO).
A novel identification key by Makoto Yoshida (Fig. 2b, pers. comm. and cited in Usup
(2002)) divided the Alexandrium into four groups based upon the shape of the posterior
sulcal plate (S.p.). The constraint tree consistent with these four groups was significantly
less likely than the best tree (Table 2, G p = 0.004). Constrained searches were also run
for each ofthe four groups individually. Type A and Type D produced significantly less-
likely trees (Table 2, H P = 0.003 and K p=0.014, respectively); type B produced a tree
that was not significantly different from the best tree (Table 2 I P = 0.940). Type C
occurred as a monophyletic group in the best tree. The best tree without this group is less
likely (Table 2, J p=0.447), but not significantly.
DISCUSSION
The phylogenetic reconstruction presented in this paper has uncovered unexpected
relationships between and within morphospecies ofAlexandrium. Several of the
morphological traits that have been traditionally used to identify species and determine
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the relationships between species (Balech, 1995) did not correlate with the distinct
Alexandrium a and ß clades or the placement of strains within each of these clades. The
distrbution of toxic and non-toxic strains throughout the tree (Fig. 3) also indicated a
complex evolutionary pattern in this phenotypic trait, with species evolving and/or
loosing the ability to produce toxins multiple times.
Morphology vs. molecular systematics
Disparity between morphological and genetic similarity has been noted previously for the
tamarensis complex (Cembella and Taylor, 1986; Franco et aI., 1995; Scholin, 1998;
Zardoya et aI., 1995). Scholin et al. (1994) presented convincing work demonstrating
that the three morpho species of the tamarensis complex, A. tamarense, A. catenella and
A. fundyense do not represent monophyletic clades based on either LSU and SSU rDNA
sequence data (Scholin and Anderson, 1994; Scholin et aI., 1994). Instead, they found
that strains were grouped by geographic origin into three main clades: Western European,
North American and Temperate Asian.
Our analyses also found that A. tamarense, A. fundyense, and A. catenella cannot be
recovered as monophyletic clades, and that there were three main subgroups within the
larger tamarensis clade. These three clades corresponded to Scholin et ai. ' s Western
European, North American and Temperate Asian, yet the geographic boundaries
separating the three clades are much less clear in our tree than in Scholin et al.'s original
work. The central clade contains only isolates from Western Europe, but in the clade that
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corresponds to Scholin et ai"s North American clade only two strains are from North
America, while the other three represent Chile, Japan, and Korea. All of the isolates in
the third clade are from the Pacific Ocean, but they represent tropical Asia and Australia
in addition to temperate Asia. Weare presently investigating the relationships among
tamarensis complex strains using a much larger set of isolates to clarify this
biogeographical issue.
A. minutum and A. lusitanicum strains also do not form distinct groups in the
phylogenetic reconstrction. Balech (1995) noted that these two species share extensive
morphological similarity, but stil considered them separate species based upon the width
of the sulcal anterior plate (s.a.). However, this trait may not be phylogenetically
significant. Franco et al. (1995) observed seven strains of A. minutum and A. lusitanicum
in culture and found that the variation in the s.a. was as great within a single culture as
between A. minutum and A. lusitanicum according to the species descnptions (Balech,
1985, 1989). There was also no difference between the morpho species based upon toxin
profiles or growth behavior. Zardoya et al. (1995) sequenced only two A. minutum and a
single A. lusitanicum strain, but found the A. lusitanicum to be identical to one of the A.
minutum sequences and different from the other. Our analyses have included nine A.
minutum and A. lusitanicum strains, and have also shown that these two morpho species
do not separate on the basis ofLSU rDNA sequence. The likelihood ratio test indicated
that separation of A. minutum and A. lusitanicum was not significantly less likely, but the
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difference was substantial (Table 2, M p=O.l 09). Perhaps a larger number of isolates
would indicate a significant difference.
It is likely that A. minutum and A. lusitanicum are synonymous, but the recently
proposed species A. "tamutum JJ (Montresor et aI., 2002) may indeed be a distinct species.
The three Italian isolates formed a monophyletic clade closely related to A. minutum, and
while a morphologically identical strain from Taiwan was not part of this group it did
branch immediately basal to the other three A. tamutum strains and its separation did not
have high statistical support. The epitheca of A. "tamutum JJ resembles A. tamarense,
while the hypotheca resembles A. minutum, but these strains were definitely more similar
to A. minutum. Until the new species A. "tamutum JJ was proposed, the A. "tamutum JJ
and A. minutum strains would have been considered to represent the same species. While
these two species might have been expected to be sister taxa based on this morphological
similarity, two sequences of the species A. insuetum fell between A. minutum/lusitanicum
and A. "tamutum. JJ One of the A. insuetum sequences has an extremely long branch
length and Guillou et ai. (2002) hypothesize it may be a pseudogene, but its removal did
not change the tree topology and the long branch length therefore cannot explain the
placement of the A. insuetum strains between strains of A. minutum/lusitanicum and A.
"tamutum."
Initially, the grouping of A. minutum, A. "tamutum JJ and A. insuetum seems to conflct
with morphology, as A. insuetum differs from A. "tamutum JJ and A. minutum by a highly
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reticulated theca and shortened i' plate which is not connected to the apical pore complex
(Po) (Balech, 1985). Yet Balech (1995) reports slight reticulation in A. minutum from
Spain, France, and Portgal and full reticulation of the hypotheca and slight reticulation
on the epitheca of A. minutum from the gulf of Naples. The degree of connection
between the l' and Po also varies in A. minutum. At the extreme of the spectrm, the l'
is shortened to the size of the l' in A. insuetum and the connection is filamentous
(Balech, 1995). Thus, although the type specimens of the species A. insuetum and A.
minutum are morphologically quite different, the large range of variation in A. minutum
encompasses the distinguishing traits of A. insuetum.
Likewise, other groupings of apparently dissimilar taxa may share morphological
similarities that have previously been overlooked. A. affne and A. concavum differ
greatly in size, shape, and chain forming ability, but have S.p. and 3"" plates of identical
shapes (Balech, 1985, 1995; Fukuyo et aI., 1985). A. tropicale so greatly resembles A.
tamarense that the isolates used in this study were previously identified as A. tamarense
(Balech, 1985; Scholin et aI., 1994), yet it grouped with the long-chain formingA.
tamiyavanichii which is characterized by a reinforced margin on the S.a. plate that
projects into the epitheca (Balech, 1995). However, the theca of A. tropicale is
ornamented with small perforated bumps (Balech, 1995) and A. tamiyavanichii is the
only other species in our analysis to also possess these perforated bumps. This thecal
ornamentation may be more phylogenetic ally significant than chain forming ability.
Another species, A, acatenella, also has perforated bumps like A. tropicale, and displays
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a reinforced margin on the s.a. plate (Balech, 1995). If the LSU rDNA sequence of A.
acatenella could be obtained and also fit into the A. tropicale/tamiyavanichii complex,
the evolutionary significance of the perforated bumps might be demonstrated.
The remaining unusual grouping was the placement of A. leei with A. pseudogonyaulax,
which had very high support, (bv 100; ppv 100). A. pseudogonyaulax is morphologically
similar to the neighboring taxa, A. margelefii, and its placement is not unexpected. But
A. leei differs from these two morpho species in many ways, including the attachment of
the 1', the shape of the S.p., the size and placement of a ventral pore, the overall shape of
the cell, and the projection of the S.a. plate into the epitheca (Balech, 1995), and there is
no apparent morphological similarity underlying the grouping of A. leei and A.
pseudogonyaulax. However, this study only included a single isolate of each A. leei and
A. pseudogonyaulax, and long branch attaction may have caused these two strains to
group together, The sequences of additional isolates are needed to elucidate the
relationships between these species.
Taxonomic utilty of morphological traits.
Alexandrium is a simply shaped thecate dinoflagellate, which means that morphological
taxonomy must rely upon general size, shape, cham forming ability, and plate tabulation.
The morphology of Alexandrium has been extensively studied, and many details of
thecal plate tabulation have been carefully recorded (e.g. Balech, 1995). Unfortnately, it
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has been diffcult to determine which morphological features are best suited for species
identification and systematics. The phylogeny reconstructed in this paper has revealed
several disparities with morphological systematics, indicating that revision is needed.
Given the results of the above discussion, characteristics that appear evolutionarily plastic
include chain forming ability, overall cell size, connection of the l' plate to the Po, width
of the sulcal anterior plate, thecal reticulation and the presence or absence of the ventral
pore. Other characteristics appear more phylogenetic ally stable in relation to LSU rDNA,
and should be given higher taxonomic consideration, including the general shape of the
S.p. plate, and pattern of perforation. Perhaps fuher examination of molecular
systematics and morphology wil yield revised species descriptions based upon more
rigorus morphological markers.
Presence and evolution of toxin-producing ability.
The prevalence of PSP toxin-producing strains makes Alexandrium noteworthy as a
genus. Not all Alexandrium are toxic, however. Because of the large public health and
economic impact involved with shellfish industry closures and human ilnesses and
deaths, it is important to distinguish between Alexandrium blooms that may cause PSP
and those that wil not. To date, it has not been possible to do this with morphological
analyses, as strains belonging to the A. tamarense, A. ostenfeldii, A. minutum and A.
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lusitanicum morpho species can be either toxin-producing or non-toxic (Cembella, 1988;
Chang et aI., 1997; Moestrup and Hansen, 1988; Ogata et aI., 1987).
Scholin et al. (1994) found that within the tamarensis complex, each clade was composed
entirely of strains capable of producing toxins or strains that never produced any toxin.
This has lead to the development of a molecular probe for a toxic clade of A.
fundyense/tamarense found on the east coast of North America (Anderson et aI., 2002,
Anderson et aI., 1999). Our results continue to support the grouping of only toxigenic or
non-toxigenic isolates in each clade within the tamarensis complex, but this pattern is not
found for the rest of the genus. For example, the species A. minutum and A. lusitanicum
contain both toxic and non-toxic strains that are dispersed throughout the clade with no
apparent pattern. Other toxin-producing and non-toxic strains of Alexandrium also are
dispersed throughout the tree, making it apparent that the ability to produce saxitoxins
has been acquired and/or lost multiple times.
The frequency of the transition in toxin-producing state implies a simple mechanism to
either turn off toxin production or to regain the ability. The exact nature of the
mechanisms for the production of saxitoxin and its congeners are unkown. It has been
hypothesized that the ability to produce the toxins lies in symbiotic bacteria (Kodama et
aI., 1988; Silva, 1979; Vasquez et aI., 2001), and researchers have shown that some
bacteria associated with Alexandrium are capable of producing saxitoxins (Gallacher et
aI., 1997; Vasquez et aI., 2001). However, other research shows that toxin production
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ability remains when all symbiotic bacteria have been removed (Hold et aI., 2001).
Additionally, Mendelian inheritance patterns that have been observed for specific toxm
congeners (Ishida et aI., 1993; Sako et aI., 1992) indicate that at least some of the genes
responsible for this toxin production are located in the Alexandrium nucleus.
The ability to produce saxitoxins has also been acquired by other organisms not closely
related to Alexandrium. These include the dinoflagellates Gymnodinium catenatum
(Oshima et aI., 1993; Sako et aI., 2001) andPyrodinium bahamense var. compressum
(Usup et aI., 1994) and the cyanobacteria Aphanizomenonjlos-aquae (Pereira et aI.,
2000) and Planktothrix sp. (Pomati et aI., 2000), and by bacteria (Kodama et aI., 1988,
Levasseur et aI., 1996). Could the acquisition of the toxin producing ability by such
disparate organisms be related to the apparent ease with which this trait has been acquired
and lost within Alexandrium?
CONCLUSION
The results of this paper provide a robust phylogeny for Alexandrium, dividing the genus
into two clades, a and ß. It indicates that morphological taxonomy in this genus needs to
be reworked, and that the evolution of toxicity in Alexandrium is more complex than
previously known. Further studies are planned to investigate these issues within the
tamarensis and the minutum complexes. Isolates of the Alexandrium species not
represented in this work and additional strains of species represented by a single
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sequence should be acquired. Perhaps the addition of new sequences from these strains
will help to clarify the relationships between morphology, toxicity and the evolutionary
history of Alexandrium.
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Table 1. Cultue code, morpho species, origin, toxicity, GenBank accession number and
publication reference for sequences used in this study. NP: Data not provided, TBA:
GenBank accession number has been requested and will be provided before publication,
N/ A: Not available, * Originally submitted to GenBank as Gonyaulax spinifera, later
redefined as G. baltica (Ellegaard et aI., 2002).
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Table 2. Log likelihood score (-In L), difference from the best score (Diff -In L), and p
value for likelihood ratio test for various constraint trees. * indicates p~0.05 See Figure
3 for specific taxa included in each grouping.
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Likelihood Ratio Test Results
Test -In L Diff -In L p
Best Tree 4332.71 (best)
A Balech morph 4579.76 247.06 0.000*
B Morph with "tamutum" 4678.38 345.68 0.000*
C Gessnerium 4404.11 71.40 0.002*
D fraterculus group 4420.70 87.99 0.001 *
E minutum group 4342.00 9.29 0.726
F minutum group/ "tamutum " 4342.34 9.63 0.716
G Four S. p. plate groups 4394.49 61.78 0.004*
H Type A 4391.36 58.65 0.003*
I Type B 4334.47 1.77 0.940
J NOT Type C 4342.45 9.75 0.447
K Type D 4383.41 50.71 0.014*
L minutum/lusitanicum 4337.05 4.35 0.871
M minutum and lusitanicum separate 4378.58 45.87 0.109
N minutum/lusitanicum/"tamutum JJ 4335.36 2.65 0.918
0 minutum/lusitanicum/insuetum 4337.76 5.06 0.865
p NOT ostenfeldii 4335.70 2.99 0.909
Q andersoni ancestral 4332.74 0.03 0.959
R affne alone 4333.39 0.68 0.886
S tam/cat/fund separate 4531.20 198.49 0.000*
T tamarensis/ affne/concavum 4334.87 2.16 0.856
U tamarensis/tropicale 4384.48 51.78 0.020*
V tamarensis/SAI 4386.26 53.56 0.016*
W tamarensis/CU-13/CU-15 4384.88 52.18 0.018*
X A TMSO 1 basal to tropicale 4334.82 2.11 0.838
y "tamutum" with tamarensis 4444.09 11 1.38 0.000*
Z tamarensis/ "tamutum "/tropicale 4534.43 201.72 0.000*
AA minutum/lus basal to a clade 4336.92 4.22 0.760
BB margelf basal to a clade 4333.35 0.65 0.838
CC long branches together 4343.24 10.53 0.640
DD NOT ß clade 4332.74 0.03 0.992
EE NOT insuetum 4339.19 6.49 0.612
FF All chain formers 4712.51 379.80 0.000*
Table 2.
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Figure 1. Maximum likelihood phylogenetic tree, showing the placement of Alexandrium
strains in relation to several closely related species. Bootstrap values ~60 are indicated
behind each node.
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100 A TSAO 1 Fragildium cf mexicanum
A TSA02 Fragildium cf mexicanum
FsWetal Fragildium subglobosum
FsDetal Fraglidium subglobosum
ACJP03 Alexandrium catenella
PW06 Alexandrium catenella
SA1 Alexandrium tropicale
69 AMNZO 1 Alexandrium minutum
97
GTTC02 Alexandrium andersoni
HT140-E4 Alexandrium ostenfeldii
K-0487 Gonyaulax baltica
K-0485 Protoceratium reticulatum
100 PrSALB Protoceratium reticulatum
GGGB8-1 Protoceratium reticulatum
US 152 Dinophysis acuminata
Ll13614 Prorocentrum micans
- 0.05 substitutions/site
Figure 1.
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Figure 2A. Maximum likelihood phylogenetic tree, -In L = 4332.71, produced in P AUP
analysis.
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AABBO 1/2 A. affne
P A5V A. affne
Pa4V A. affne
CA WD52 A. concavum
X21 A, affne
CUI A. affne
AABCV-l A, affne
ACJP03 A. catenella
ALEXSPHK A. tamarense
LAC35 A, catenella
A TCIO 1-1 A. tamarense
SJW0007-8 A. cf catenella
ATBBOI A. tamarense
A TFE6 A. tamarense
A TFE7 A. tamarense
PGT183 A. tamarense
ACCO 1 A. catenella
OF041 A. tamarense
AFNFA3.2 A.fundyense
JDW0004-13 A, tamarense
ACQHOI A, catenella
ATMSOI A. tamiyavanichii
SAI A. cf tropicale
CU-15 A. tropicale
CU-13 A. tropicale
A1l8V A, lusitanicum
GTPORT A. lusitanicum
AMAD06 A, minutum
AL5T A, lusitanicum
X20 A. minutum
AMZOI A. minutum
AMNZ03 A, minutum
Am A, minutum
X6 A. insuetum
affne/con cavum
ex
tamarensis
complex
tamiyavanichii
J tropicale
minutum/lusitanicum
J insuetumAiFr A, insuetumA3t A. "tamutum" l
A5t A. "tamutum"
C7/2 A. "tamutum"
AMTK-5 A, "tamutum"
AONZOI A,ostenfeldii
AONZ04 A, ostenfeldii
AoKTTW A, ostenfeldii
K-0287 A. ostenfeldii
K-0324 A, ostenfeldii
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Figure 2B: Cladogram of maximum likelihood phylogeny. Posterior probability values
(italics) and bootstrap values (bold) are printed behind each node if? 60. Morphology of
the posterior sulcal plate (S.p.) for each isolate is indicated according to Yoshida's four
letter system: type A, wider than long; type B, angular with straight sides; tye C, longer
than wide; tye D, prolonged towards plate 4"'. (M. Yoshida, pers. com., and cited in
Usup et al. 2000), with diagrams of the four types on the right, redrawn from Balech
(1995).
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Stram Morphospecies
AABB01l2 A, affne
P A5V A, affne
Pa4V A. affne
eA WD52 A, concavum
X21 A. affne
em A. affne
AAeV-l A, affne
AeJP03 A. catenella
ALEXSPHK A. tamarense
LAe35 A. catenella
A TelO 1-1 A, tamarense
SJW0007-8 A. cf catenella
A TBBO 1 A. tamarense
A TFE6 A, tamarense
A TFE7 A. tamarense
PGT183 A, tamarense
AeeOl A, catenella
OF041 A. tamarense
AFNFA3,2 A.fundyense
JDW0004-13 A. tamarense
AeQHOl A. catenella
ATMSOI A, tamiyavanichii
SAI A. tropicale
eU-15 A. tropicale
eU-13 A, tropicale
A118V A. lusitanicum
GTPORT A. lusitanicum
AMAD06 A. minutum
AL5T A. lusitanicum
X20 A. minutum
AMNZO 1 A, minutum
AMNZ03 A. minutum
Am A. minutum
X6 A. insuetum
AiFr A. insuetum
A3t A. "tamutum"
A5t A. "tamutum"
e7/2 A, "tamutum"
AMTK-5 A. "tamutum"
AONZOI A,ostenfeldii
AONZ04 A. ostenfeldii
AoKTTW A. ostenfeldii
K-0287 A. ostenfeldii
K-0324 A. ostenfeldii
HT140-E4 A,ostenfeldii
AIMS03 A. leei
AP2T A. pseudogonyaulax
X12 A, margawfi
AGNZO i A. margalefi
AMBeQ-l A. margalefi
AmgBB A. margalefi
GTTe02 A, andersoni
K-0487 Gonyaulax baltica
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Figure 3. Cladogram of the most likely tree. Letters to the right indicate grouping used
in constrained analyses. Constraints are: A: Morphospecies as defined in Balech (1995);
B: Morphospecies with the addition of new taxonA. "tamutum;" C: Subgenera
Gessnerium and Alexandrium; D: A. fraterculus-like species (dorso-ventrally flattened
chain formers); E: SmallA. minutum-like species excluding A. "tamutum" strains; F: As
in E, including A. "tamutum;" G: Four groups defined by posterior sulcal plate
morphology; H: Only type A constrained; I: Only type B constrained; J: All tye Care
NOT together; K: Only tye D constrained; L. All A. minutum and A. lusitanicum are a
single clade; M: A. minutum and A. lusitanicum are each separate clades; N: A. minutum,
A. lusitanicum and A. "tamutum" without A. insuetum; 0: A. minutum, A. lusitanicum
and A. insuetum without A. "tamutum;" P: All A. ostenfeldii are NOT together; Q: A.
andersoni is grouped with the outgroup; R: A. con cavum is not within the A. affine clade;
S: A. tamarense, A. catenella and A. fundyense are in separate clades; T: The tamarensis
complex is more closely related to A. affne and A. concavum than to A, tropicale and A.
tamiyavanichii; U: A. tropicale is part ofthe tamarensis complex without A,
tamiyavanichii; V: SA1 is part of the tamarensis complex; W: The Thai strains are part of
the tamarensis complex; X: A. tamiyavanichii is basal to A, tropicale; Y: A. "tamutum"
is most closely related to the tamarensis complex, Z: A. "tamutum" is more closely
related to the tamarensis complex and A. tropicale than A. tamiyavanichii; AA. The
tamarensis complex evolved from within the minutum/lusitanicum group; BB: A.
margelefii is basal to Type C; CC: All long branches group together; DD: S.p. plate types
A, Band D are NOT a single clade; EE: The two A. insuetum strains are NOT most
closely related to each other; FF: All chain forming species are more closely related to
one another than to non-chain forming taxa. Taxa in bold type are known to be toxic.
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Phylogeny Strain Morphospecies Strains Included in Constraint Groupings
AABBO 1/2 A, affne D J R T FF
PA5V A. affne D J R T FF
Pa41/ ,1. D J R T FF
CA WD52 A. concavum D J T
X2i .4. aiJìne D J R T FF
CUI A, affne D J R T FF
AABCV-l A. affne D J R T FF
ACJP03 A. catenella J S T UVW Y Z AABB FF
ALEXSPHK A. taniarense J S T UVW Y Z AABB
lAC35 A, ¡;rendla J S T UVW Y Z AABB FF
ATCIOl-l A. taniarense J S T UVW Y Z AABB
SlWO(ì!) 7-8 A, of catenel/a J S T UVW Y Z AABB FF
ATBBOI A. tamarense J S T UVW Y Z AABB
ATFE6 A, tamarense J S T UVW Y Z AABB
A TFE7 A, tamarense J S T UVW Y Z AABB
PGTl83 A, tamarense J S T UVW Y Z AABB
ACCOI A. catenella J S T UVW Y Z AABB FF
OF041 A. taniarense J S T UVW Y Z AABB
AFNF A3.2 A. fundyense J S T UVW Y Z AABB
JDWU004-13 A. ramarel1se J S T UVW Y Z AABB
ACQHOI A. catenella J STUVW Y Z AABB FF
ATMSOI A. taniiyavanichii D J X FF
SAI A, tropicale J UV Z
CU-15 A. tropicale J U W Z
CU-13 A. tropicale J U W Z
Al18V A. lusitanicuni EF H LMNO AA DD
GTPORT A. lusitanicuni EF H LMNO AA DD
AMD06 A. niinutuni EF H LMNO AA DD
AL5T A. lusitanicum EF H LMNO AA DD
ß
À'2(i A. minwum EF H LMNO AA DD
AMNZOI A. minuti111 EF H LMNO AA DD
AMNZ03 A. milliti111 EF H LMNO AA DD
Am.4B .4. minurum EF H LMNO AA DD
X6 A. ¡¡¡sue/urn C H 0 DDEE
iliFr A. ¡¡¡sue/um C H 0 CC DD EE
.431 :1. "ramutum " F H N YZ DD
A5t A. "tamutum" FH N YZ DD
Cí/2 A. "raiiuflm" F H N YZ DD
AMTK-5 A. "tamutum" EF H LMNO AA DD
AONZOI A. ostenfeldii I P DD
AONZ04 A. ostenfeldii I P DD
AoKTTW A. ostenfeldii I p DD
K-0287 A. ostenfeldii 1 P DD
K-0324 A. ostenfeldii I P DD
HT140.E4 A. osten/é/dii I P DD
A1MS03 A. leei H CCDD
.4P21' ,1. pseudogoN.1aulax C K CCDD
Xl:! A. marga/e/i C K BB DD
AGNZOl A, margaleft C K BB DD
AMBCQ-l A, margaleft C K BB DD
AmgBB A. margah:fi C K BB DD
GTTC02 A, andersoni E F I 0 DD
K-IJ4i'7 Gonyaulax baltica 0
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Chapter III: Global biogeography of the "tamarensis" complex: Alexandrium
tamarense/catenella/fundyense.
ABSTRACT
Alexandrium catenella, A. tamarense and A. fundyense together compose the tamarensis
complex, a group of dinoflagellates responsible for producing the toxins that cause a
large number of paralytic shellfish poisoning cases worldwide. The relationships among
these morphologically defined species of this complex are poorly understood, as are the
reasons for the increase in range and bloom occurrence observed over the past several
decades. Prior research has demonstrated the utility ofD1-D2 LSU rDNA sequences in
uncovering relationships among populations of tamarensis complex dinoflagellates. A
large database of these sequences has been compiled over the past decade by researchers
conducting local studies in the United Kingdom and Asia, but there has been no
comprehensive global analysis. This paper combines existing sequence data with new
rDNA sequences from strains originating in each of the six temperate continents to
reconstruct the biogeography of the tamarensis complex and determine the origins of new
toxic populations. Natural dispersal mechanisms can account for some of the recent
range increase, but human assisted transportation and coastal urbanization are also
responsible. The three morpho species are examined under the criteria of the
phylogenetic, biological and morphological species concepts and found not to satisfy the
requirements of any definition. It is therefore recommended that use of these
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morpho species appellations be discontinued as it implies erroneous relationships between
morphological variants. Instead, five species are identified within the tamarensis
complex that are supported on the basis of large genetic distances, 100% bootstrap
values, and mating incompatibility. The names Alexandrium universa, A. mediterra, A.
tamarensis, A. toxipotens and A, tasmanense are proposed. A third important result is
that for A. mediterra, A. tamarensis, and A. tasmanense every isolate tested has been non-
toxic, while every isolate of A. universa and A. toxipotens that has been tested has
proven to be toxic. Genetic probes should be able to consistently distinguish these five
species and indicate whether PSP events may arise.
INTRODUCTION
Paralytic shellfish poisoning (PSP) is a serious disorder caused by ingesting shellfish that
contain high levels of certain neurotoxins. These toxins, saxitoxin and its congeners, are
produced by phytoplankton and accumulated in the tissues of fiter feeding shellfish
(Taylor et aI., 1995). While several tyes of phytoplankton are capable of producing
saxitoxins, dinoflagellates of the genus Alexandrium are the most numerous and are
responsible for PSP blooms in both temperate and tropical locations (Taylor et aI., 1995).
At least a third of the approximately 30 species of Alexandrium are capable of producing
saxitoxins, though the majority of toxic blooms have been caused by A. catenella, A.
tamarense, and A. fundyense (Cembella, 1998), which together comprise the tamarensis
species complex (Balech, 1985).
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Until 1970, PSP-causing dinoflagellates in the tamarensis complex were known only
from Europe, North America and Japan (Hallegraeff, 1993). By 2000, tamarensis
complex Alexandrium had been documented in locations covering the northern and
southern hemispheres, adding South America, South Africa, Australia, the Pacific
Islands, India, all of Asia and the Mediterranean (Abadie et aI., 1999; Hallegraeff, 1993;
Vila et aI., 2001a) to the range. Concomitant with this substantial biogeographic
expansion, the frequency of toxic Alexandrium blooms has also greatly increased
(Anderson, 1989; Hallegraeff, 1993).
Because of the serious human health and economic impacts associated with PSP, this
increase is alarming and has spurred the scientific community to investigate its origins.
Four main theories have been proposed for this expansion (Anderson, 1989): 1 The
increase is actually an artifact of increased monitoring efforts which have merely
uncovered populations that had previously gone undetected, 2. Toxic populations have
spread within regions through natural means, including current patterns and the
deposition of a dormant cyst stage following large blooms, 3. Environmental change,
including coastal eutrophication and global warming, may have caused toxic populations
that were a normal minor component of the native flora to bloom to nuisance proportions,
and 4. New populations have been created by human assisted dispersal, though
mechanisms such as ballast water transport or the importation of shellfish seed stock.
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With respect to Alexandrium species in the tamarensis complex, the recognition of
previously undetected populations cannot be discounted, because global awareness of
harmful algal blooms has risen and monitoring efforts have expanded with increased use
of coastal waters for commercial fishing and aquaculture (Anderson, 1989; Hallegraeff,
1993). However, new populations of A. tamarense and A. catenella have also been
detected in areas such as Thau Lagoon and Barcelona harbor where established
monitoring programs can demonstrate a lack of these species prior to their recent
appearance (Abadie et aI., 1999; Vila et aI., 2001a).
Examples can be found in the literature to support each of the remaining three
hypotheses. For example, while the source of Alexandrium populations in Argentina is
unkown, the spread of these organisms northwards through Uruguay and Brazil is
thought to be connected to the Malvinas current (Gayoso, 2001; Persich et aI., 2003).
Human assisted dispersal is almost certainly the cause of A. catenella populations in the
Mediterranean (Lily et aI., 2002) and human alteration of the environment to create
enclosed harbors and protected beaches may be allowing A. catenella to thrive and spread
in its new habitat along the French and Spanish coastlines in the Mediterranean (Vila et
aI.,2001b).
Information like this is available for very few tamarensis populations, and much of the
evidence is circumstantial (Gayoso, 2001; Persich et aI., 2003; Vila et aI., 2001b). Yet if
we are to prevent further spread of tamarensis complex cells, we must understand the
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causes for their current distribution. This undertaking requires investigation into two
avenues: taxonomy and DNA sequencing. First, proper taxonomy is essential for
tracking the origin of any organism. All potentially related populations (i.e., all
populations of the same species) should be included in the search, while populations
representing different species can be immediately excluded.
Unfortnately, taxonomy of the tamarensis complex is contentious, with some
researchers feeling that the three morphologically defined species, A. catenella, A.
tamarense and A. fundyense are true biological species (Mayr, 1982)while others contend
that the morphological variations are not indicative of shared genetic heritage and instead
are variations within a single species (Anderson et aI., 1994; Scholin et aI., 1995). The
three species are highly similar in overall appearance and are distinguished mainly by
chain forming ability and the presence or absence of a ventral pore between plates l' and
4' (Balech, 1995). A. tamarense strains can be either toxic or non-toxin producing, and
are curently found in most areas of the globe. A. catenella can also be found throughout
the range of the tamarensis complex, but unlike A. tamarense, all known strains of this
morpho species are toxic. A. fundyense is also always toxic, but its distribution is more
limited, occurrng mainly on the east coast of North America, though A. fundyense cells
have been observed in other locations (Taylor, 1984)
Because the morphological differences are slight and multiple morpho species can co-
occur (Anderson et aI., 1994; Taylor, 1984), researchers have searched for evidence
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confirming or conflcting with the morpho species identifications using other criteria. The
results of these studies were initially confusing due to variation from one geographic
location to another. Isozyme analysis, antibody studies and RFLP ofITS and 5.8S rDNA
sequences seem to support a distinction between A. catenella and A. tamarense in Japan
(Adachi et aI., 1994; Sako et aI., 1993; Sako et aI., 1990). Studies ofthe same
morpho species, A. catenella and A. tamarense on the western coast of North America
yielded contradictory results, finding no clear differences between the two species using
protein electrophoresis and even uncovering morphological intermediates between the
two species (Cembella and Taylor, 1986; Taylor, 1984). On the east coast of North
America, protein electrophoresis and toxin analysis also showed no clear differences
between isolates of A. tamarense and A. fundyense (Anderson et aI., 1994; Hayhome et
aI., 1989). Additionally, sexual reproduction was observed between clonal isolates of A.
tamarense and A. fundyense which yielded viable progeny capable of sexually producing
an F2 generation (Anderson et aI., 1994).
Each of these studies only includes isolates from a limited geographic region. In the mid-
1990s, Scholin et al. published a series of studies comparing DNA sequences from small
subunit (SSU) and large subunit (LSU) ribosomal genes for A. cetenalla, A. tamarense
andA.fundyense strains from locations in eastern and western North America, western
Europe, Japan and Australia along with several ballast water samples (Scholin and
Anderson, 1994, 1996; Scholin et aI., 1995, Scholin et aI., 1994). Overall, these studies
indicate that morphology is not a good indicator of evolutionary relationship within the
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tamarensis complex. Interestingly, they also offered an explanation for the conflicting
studies supporting genetic differences between A. catenella and A. tamarense from Japan.
Scholin et ai. (1994) found five main phylogenetic clades, which they named after the
origin of the majority of strains in each clade: North American, Western European,
Temperate Asian, Tasmanian and Tropical Asian. The fifth clade, Tropical Asian,
consisted of a single sequence from isolate CU-13, which is now considered a member of
a different species, A. tropicale (Balech, 1995; Lily et aI., 2003). The Tasmanian clade
also contained a single isolate. The North American clade contained examples of all
three morpho species, A. catenella, A. tamarense, and A. fundyense, showing clearly why
preceding morphological and biochemical work in this area had not been able to
differentiate between these strains. In addition to strains from North America, this clade
also contained two A. tamarense strains that had been examined from Japan. The
remaining strains from Japan were all A. catenella, and their sequences fell into a
separate phylogenetic group, the Temperate Asian. Thus, when researchers compared A.
tamarense strains from the North American group andA. catenella strains from the
Temperate Asian group, they were documenting evolutionary differences between these
two populations. It is only upon examination of the larger set of isolates that the overlap
between A. catenella and A. tamarense become apparent.
As yet, no consensus has been reached regarding the delineation of species within the
tamarensis complex, but the work of Scholin et ai. (1994) has highlighted the utility of
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DNA sequences for biogeographic puroses as welL. For example, nearly identical
sequences were obtained for the D1-D2 divergent domains ofLSU rDNA for strains ofA.
catenella from Japan, Australia, and the ballast water of a ship operated exclusively
between Japan and the same port in Australia from which the Australian cultures were
isolated (Scholin et aI., 1994). While PSP has been recorded in Japan since the 1940s
(Scholin et aI., 1995), the first recorded incident of PSP caused by A. catenella in
Australia occured in i 986 (Hallegraeff et aI., 1988). Thus, the DNA sequences show
that it is possible that A. catenella cells from Japan were introduced via ballast water to
Australia (Scholin et aI., 1995).
The demonstrated utility of DNA sequences to aid in determining the origin of toxic
populations has spurred researchers around the world to investigate their local
populations of Alexandrium using ribosomal DNA sequences (e.g. (Adachi et aI., 1996b;
Chen et aI., 1999; Guillou et aI., 2002, Hingman et aI., 2001; Kim et aI., 2003, Kim and
Kim, 2002; Yeung et aI., 1996; Yeung et aI., 2002). One of the goals of this paper is to
incorporate the existing data from various sources into a global biogeographic picture for
the tamarensis complex. A trly global biogeographic picture wil require more data than
is currently available. There is currently no sequence data for strains from South
America, South Africa, the Russian coastline or the Mediterranean. This paper presents
data for strains from these undescribed areas and increases the geographic coverage of
strains from Europe and Asia. These data are compiled with the existing data into a
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comprehensive view of the relationships among established and new populations and
reconstruct dispersal mechanisms in the tamarensis complex.
METHODS
Published DNA sequences. 126 D1-D2 LSU DNA sequences were available in
GenBank for A. catenella, A. tamarense, and A. fundyense from multiple studies (Band-
Schmidt et aI., 2003; Godhe et aI., 2001; Guilou et aI., 2002; Hansen et aI., 2000;
Haywood and MacKenzie, 1997; Hingman et aI., 2001; Kim et aI., 2003; Kim and Kim,
2002; Lilly et aI., 2002, Scholin et aI., 1994; Usup et aI., 2002; Yeung et aI., 2002).
Another 21 sequences were available from the literature (Scholin et aI., 1994). Because
this was a biogeographic study, sequences for which no geographic origin was given
were removed. Numerous sequences (65) represented multiple PCR products from single
isolates. These were reduced by removal of sequences that represented a previously
known pseudogene (Guillou et aI., 2002), recognized by a 87 base pair deletion.
Remaining sequences for each isolate were aligned using Clustal X (Gibson et aI., 1994)
and checked in MacClade 4.050SX (Maddison and Maddison, 2000). Where sequences
differed by single base changes they were condensed to a single sequence using base
ambiguities. There remained a disproportionate number of isolates from the United
Kingdom (24) and South Korea (68), which resulted from three regional studies
(Hingman et aI., 2001; Kim et aI., 2003; Kim and Kim, 2002). All United Kingdom
sequences were aligned and a distance matrix was calculated using PAUP 4.0b10
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(Swofford, 2002). The same was done for all Korean sequences. In cases where strains
with identical sequences (a distance value of 0.00) came from the same geographic
location or locations in very near proximity, one sequence was arbitrarily chosen and the
remainder were removed to reduce the total number of taxa without loosing variation in
the data set. Additional sequences were pulled from GenBank for A. affne and A.
tamayavanichii, two closely related species (Lily et aI., 2003) to serve as outgroup
sequences. Table 1 lists the strains used in this study with their morpho species
identification, locality of origin, GenBank accession number, and original citation.
Cultures. The collection of existing sequences did not represent the entirety of
the geographic range covered by the tamarensis complex. For this reason, 38 clonal
cultures of A. catenella, A. tamarense and A. fundyense were obtained from three
countries in South America (Chile, Uruguay and Brazil), South Africa, the Russian
coastline from Primorye to the Bering Sea, the Mediterranean Sea, and various areas
throughout Europe, Asia and the Pacific Islands. Three cultures of A. tropicale, a closely
related species often mistaken for A, tamarense, and two of A. affne were also obtained.
All cultues were maintained as described by Anderson et al. (Anderson et aI., 1984).
Cultures were incubated at either 15,20 or 26°C, depending upon which temperature
most closely approximated the natural environment for each strain.
DNA extraction. Because the multiple membranes and thecae of dinoflagellates
can be difficult to rupture, we used a modified DNA extraction protocol. Cultures were
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harvested in mid-exponential phase and subjected to osmotic shock with the addition of
deionized water at 4 times the cultue volume to induce ecdysis. The cells were
centrfuged and the pellet resuspended in 100 i.l of the lysis buffer provided in the
Qiagen (Valencia, CA) DNeasy kit. Samples were boiled for 25 minutes, frozen to
-20°C and thawed on ice. Whole cell lysis products were used directly or the DNeasy
protocol was then followed as recommended by the manufacturer.
peR amplifcation of D l-D2 LSU rDNA. Approximately 700 bp of divergent
domains 1 and 2 (D1-D2) of the large subunit ribosomal DNA (LSU rDNA) were
amplified from purified DNA or whole cell lysis products using the polymerase chain
reaction with the D1R and D2C primers and 1-5 ng template, as previously described
(Scholin and Anderson, 1994). Products were purified in Qiagen MinElute PCR
purification columns and stored in autoc1aved distiled deionized water (dDIW) at -20°C.
The concentration of purified products was determined relative to a DNA mass marker
ladder (Low DNA Mass Ladder; Life Technologies, Carisbad, CA).
DNA sequencing. DNA sequencing was conducted with BigDye version 3.0 from
Applied Biosystems, inc. (ABI; Foster City, CA). We used 6 i.l volumes, with 20 ng
template, 1.5 i.M primer and 1 i.l BigDye. Reactions were run for 30 cycles of 96°C for
30 sec; 50°C for 15 sec; 60°C for 4 min, with a final hold at 4°C. Reactions were
purified via isopropanol precipitation, then dried and stored at -20°C. Reactions were
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later resuspended in HiDi Formamide and run on an ABI 3700. Templates were
sequenced in duplicate in both directions.
DNA sequence analysis. Sequences were examined using the ABI Sequencing
Analysis and AutoAssembler software and checked for accuracy of base-calling.
Sequences were assembled in ABI AutoAssember and checked again. Sequences were
aligned with published sequences and those of outgroup taxa using Clustal X (Gibson et
aI., 1994) and checked in MacClade 4.050SX (Maddison and Maddison, 2000).
The Modeltest program (Posada and Crandall, 1998) was used to determine the most
appropriate substitution model and associated parameters. PAUP version 4.0b10
(Swofford, 2002) was used for phylogenetic analyses. A neighbor-joining analysis was
used to generate starting trees for maximum likelihood analyses using model parameters
generated in Modeltest. One hundred bootstrap replicates were run. In addition to the
bootstrap analyses, a Shimodaira-Hasegawa likelihood-ratio test (Shimodaira and
Hasegawa, 1999) was preformed to test the hypotheses that 1. the three tamarensis
morpho species, A. catnella, A. tamarense and A. fundyense each evolved independently
forming separate lineages and thus should form monophyletic groups; and 2. groups I and
IV (see Fig. 3), the toxic clades, are most closely related to one another. Nested
maximum likelihood analyses were ru using P AUP as described above. The
Shimodaira-Hasegawa tests using RELL bootstrap (one-tailed test) were cared out using
PAUP
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RESULTS
The final data set included 110 strains. To root the analyses outgroup taxa were chosen
based on previous analyses (Chapter II). Five sequences of A. affne strains, four of A.
tamiyavanichii, and four of A. tropicale were included. The remaining 97 sequences
were tamarensis complex, consisting of 6 A. fundyense, 27 A, catenella, and 64 A.
tamarense sequences. Of 685 characters, 12 were excluded due to ambiguous alignment,
258 were parsimony informative, 46 were variable but parsimony uninformative and 369
were constant.
Model testing. ModelTest estimated nucleotide frequencies as A=0.2737,
C=O. 1639, G=0.2509, and T=0.3115. The best fit to the data was obtained with six
substitution types and rates, (AC: 1, AG: , AT: .70891, CG: 0.5659, CT: 0.5659, GT:
2.5368), with no among-site rate variation and 46.19% of sites assumed to be invariable.
These settings correspond to the TIM+I model (Rodriguez et aI., 1990).
Tree topology. Two most likely trees were found, of score -In 2756.4879 (Fig. 3
and 4). Differences between the two trees were minor, consisting only of the placement
of a single strain, DPC95b. In the tree not shown, DPC95b branched two nodes more
basally to its location in the tree shown. The four A. tropicale sequences, two of which
(CU-13 and CU-15) had been previously identified as Tropical AsianA. tamarense
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(Scholin et ai. 1994), formed a monophyletic cluster closely related to the four A.
tamiyavanichii sequences as had been previously found (Chapter II). The A. tropicale, A.
tamiyavanichii and A. affne taxa were used to root the tamarensis complex.
The tamarensis complex formed a monophyletic clade subdivided into five groups,
numbered I, II, III, iv and V on Figures 3 and 4. All five groups were well supported,
with bootstrap values of 100%. Genetic distances between the five groups were high,
ranging from 6% to 11 %, while distances within each group were low, ranging from
complete identity to 2% divergence. Subdivisions within the five groups were generally
poorly supported, with two exceptions. First, the sequences Alex61-2 and UW4-1 are
placed together on a long branch with i 00 percent bootstrap support. Hingman et al.
(2001) interpreted these two sequences to represent pseudo genes because they obtained
another, more typical, sequence from these same two clones. The second exception is the
clustering of strains WKS-8, ACPP01, G. Hope 1 and TN9 within group iv (bootstrap
support = 95). The reason for this grouping is unclear. The strains come from three
different geographic locations, Japan, South Korea and Australia. The one unifying
factor is that all were sequenced using the same method by Scholin et al. (1994).
However, strain OF101 was also sequenced at that time and does not group with the other
four.
Group i contains the sequences from Scholin et al.'s (1994) North American clade as
well as sequences from South America, the Faroe Islands, Scotland, South Africa, and
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northern Asia (Russia, Japan and Korea). In fact, the only major geographic areas not
represented in this group were southern Asia, Australia and the Mediterranean. Group II
consisted of four identical sequences from the Italian A. tamarense strains, and was
entirely new, having not been reported in the published literature. Group III was
equivalent to Scholin et al.'s (1994) Western European clade. The majority of the strains
in this clade were European in origin, though one isolate originated as far east as the
Baltic Sea (ATSW01-1). A single strain in this clade was not isolated from Europe;
WKS-1 was isolated from Tanabe Bay in Japan. Group IV contained all of the strains
from the Temperate Asian group ofScholin et ai. (1994). Many of the strains in group
IV did originate in temperate Asia, coming from southern Russia, Japan, Korea, China
and Hong Kong, but there were also representatives from Australia, New Zealand and the
Mediterranean Sea. Group V was identical to the Tasmanian group of Scholin et al
(1994), and contained only the single Tasmanian sequence published in their paper.
Toxicity. Previously, it had been reported that each major clade within the
tamarensis complex consisted either entirely of toxic strains or entirely of non-toxic
strains (Scholin et aI., 1995; Scholin et aI., 1994). While toxicity data is not available for
all strains used in this study, the toxic vs. non toxic paradigm does seem to be holding.
All strains tested for toxicity in groups I and IV were toxic, while tested strains in groups
II, III, and V were not toxic (Fig. 5). Toxic and non-toxic strains from close geographic
proximity actually fell out in separate groups. For example, the toxic strains UW4 and
Alex61 from Scotland were placed within group I, while the non-toxic strains from Cork
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Harbor, Ireland and Weymouth and Plymouth, England were placed within group III. In
Japan, non-toxic strain WKS-1 from Tanabe Bay also fell into group III, while the toxic
strains TN9 and WKS-8 were placed in group IV (Fig. 5).
It is noteworthy that the two toxic groups, I and IV are not most closely related to one
another. A maximum likelihood search constrained to place groups I and IV most closely
related to one another resulted in significantly less likely trees (-In 2806.2277, p = 0.002).
This implies that the ability to produce toxins has either been acquired twice or lost three
separate times in the evolution of the tamarensis complex.
Morphospecies relationships. The three morphospecies, A. catenella, A.
tamarense and A. fundyense do not form monophyletic groups (Fig. 3). All three
morphospecies can be found in group I, although A. tamarense predominates. The three
morpho species can also be found in group IV, although there is only a single example of
A. fundyense (LAC 35) and A. catenella is the most common morphotype. Groups II, III
and V consist entirely of A. tamarense strains. A maximum likelihood search constrained
to group each morphospecies as a monophyletic grouping returned 4 trees all
significantly longer than the most likely tree (-In = 3239.8004, p -c 0.000). It is
interesting to note that the three groups composed entirely of A. tamarense strains are
also the three groups composed of non-toxic strains. A. catenella and A. fundyense
always fall into one of the two groups containing toxic strains, as no non-toxic isolates
are known for these two morphospecies.
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DISCUSSION
Five distinct phylogenetic lineages have been found within the tamarensis complex, and
these do not correlate with the three morphospecies A. catenella, A. tamarense and A.
fundyense. Below, the validity of the morpho species is explored and rejected, and an
alternate taxonomic strctue is presented for the tamarensis complex based upon the five
lineages, An extremely interesting and potentially useful feature of these new groups is
that each appears to contain either all non-toxic or all toxic strains. The distribution of
these five groups across the six temperate continents indicates a biogeographic history
influenced by both natural and human caused mechanisms.
Morphospecies. As has been found in previous studies (Scholin et aI., 1995; Scholin et
aI., 1994), A. catenella, A. tamarense and A. fundyense did not form seperate clusters in
our analyses. While only A. tamarense was present in groups II, III and V, the
morphospecies intermingled in both groups I and IV (Fig. 3). The lack of A. catenella
and A. fundyense morphotypes in groups II and V may be a sampling artifact due to the
low number of samples, but this is less likely in group III where there were 18 strains
included. The phylogenetic species concept requires all species to be reciprocally
monophyletic (Hilis et aI., 1996). This is the case for A. tamiyavanichii, A, tropicale and
A. affne, but not for the morphospecies within the tamarensis complex.
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However, the phylogenetic species concept is not the only mechanism for delineating
species. The biological species concept, first proposed by Mayr in 1942, considers a
species to be a sexually reproductive community of populations (Mayr, 1942, 1982).
This species concept has been applied successfully to metazoa, but can be more diffcult
in unicellular organisms where sexual reproduction is often absent or secondary to
asexual reproduction over much of the organisms life cycle. Many Alexandrium species
are capable of sexual reproduction, though, and it is possible to induce sexuality in a
laboratory setting (Anderson et aI., 1984). Intensive mating trials among all three
morpho species of the tamarensis complex have not been carried out, but one study has
shown mating between A. tamarense and A. fundyense in eastern North America
(Anderson et aI., 1994). These crosses produced similar numbers of cysts as crosses
made within morpho species, and the resulting cysts gave rise to viable progeny which
were themselves capable of reproducing, indicating successful reproduction between at
least two strains of these morphospecies.
The third, and oldest, species concept is the morphological species concept. Species are
defined by constant, discrete characteristics. A. catenella, A. tamarense and A. fundyense
were defined according to this species concept, and the distinguishing features, chain-
forming ability and the ventral pore, were thought to be stable (Balech, 1995). However,
evidence from field and laboratory cultues indicates that this may not be the case.
Morphological intermediates have been observed in field samples from both North
America (Cembella and Taylor, 1986; Taylor, 1984) and Asia (Kim et aI., 2002, Orlova
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et aI., 2002) which include chain-forming dinoflagellates with a ventral pore and cells
with a small, vestigial pore much as has been observed in the progeny of A. tamarense
andA.fundyense matings (Anderson et aI., 1994). Variation has also been observed in
clonal cultures from geographic locations worldwide, where cells can be found both with
and without a ventral pore (personal obs., S. Morton pers. comm., and Orlova et aI.,
2002), and A. catenella strains commonly loose the chain forming habit when kept in
culture. Thus A. catenella, A. tamarense and A. fundyense also fail to meet the
requirements of the morphological species concept.
Clearly, A. catenella, A. tamarense and A. fundyense do no meet any of the recognized
definitions of separate species. Much of the information presented above has been
published in the scientific literature for nearly two decades, yet the species names A.
catenella, A. tamarense and A. fundyense are still in use. Part of the hesitancy to drop
these names stems from studies demonstrating real genetic differences between group I
A. tamarense and group iv A. catenella (Adachi et aI., 1994; Sako et aI., 1993; Sako et
aI., 1990). The genetic distances between these clades are equally as great, if not greater,
that those between other Alexandrium species (Fig. 3 and Lily et aI., 2003). It is not
surprising that some researchers try to recognize these differences with the appellation of
species names, A. tamarense to group I and A. catenella to group iv, yet this should not
be done. It obscures the fact that both morphotyes are present, along with A. fundyense,
in both groups. A strain appearing physically to be A. catenella, such as ACC01 and
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ACC07 from Chile, can be unrelated to the A. catenella of group iv, and false
comparisons may be made on the basis of this morpho species designation.
A second reason why the morpho species names are stil in use within the tamarensis
complex is because these morphological variations do appear to be correlated to some
extent with a very important Alexandrium trait: toxicity. Strains lacking a ventral pore,
that is with the morphology of either A. catenella or A. fundyense appear to always be
toxic, while strains of A. tamarense can be either toxic or non-toxic (Anderson et aI.,
1994; Taylor, 1993). Monitoring programs designed to reduce the incidence ofPSP can
be assured of the presence of a toxic organism if the A. catenella or A. fundyense
morphotyes are present, and must only resort to testing for toxicity if the A. tamarense
morphotye is found.
In theory this distinction could be useful, but in practice this is unlikely. In the main
habitats where morphospecies coexist, North America, Asia and South America, non-
toxic strains are unkown (with the exception ofa single strain from Japan, WKS-l).
Thus A. tamarense in these habitats is as likely to be toxic as A. fundyense or A.
catenella. In Europe, where toxic group I strains coexist with non-toxic group II and III
strains, the A. fundyense morphotype is unkown, and A. catenella appears to only be
present in the recently introduced group iv strains from the Mediterranean.
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A much more useful distinction is that between the toxic groups I and iv and the non-
toxic groups II, III and V The ability to produce toxins is highly correlated with
phylogeny within the tamarensis complex, and thus far no strain has been found to be
toxic in a non-toxic clade or vise versa. Unfortnately, there is no known morphological
distinction that is common to all of the members of either groups I or iV that is not
present in groups II, III or V. Molecular mechanisms such as antibody and
oligonucleotide probes (Adachi et aI., 1993; Anderson et aI., 2002) are currently the most
effective way to determine the genetic affnity, and thus infer toxicity, in a field sample.
Cryptic species.
In the above discussion, we have shown that the morphospeciesA. catenella,
A. tamarense and A. fundyense do not conform to any species definition and that the
retention of these names poses no practical benefit. However, we do not propose that the
entire tamarensis complex be considered a single species.
Phylogenetically, the five monophyletic well-supported groups appear as valid species.
The genetic distances among these five groups (6-11 %) are comparable to the distances
betweenA. tamiyavanichii andA. tropicale (6%) and A. tropicale andA. affne (13%).
Multiple rDNA haplotypes often occur within a single species, but the genetic distance
among such haplotyes tends to be small and intermediates are common. This is exactly
the pattern that is seen within each of the five groups, where genetic distances range from
1-2%. The high distances between the five groups and lack of intermediates are
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indicative of reproductively isolated species. Again, extensive mating trials have not
been carried out among the five groups, but preliminary data indicates sexual
incompatibility. Attempts to mate group I and group III strains have produced a small
number of cysts, but the germling cells do not appear capable of division and die shortly
after germination (D. Kulis, personal communication). Mating attempts made between
group I and iv strains also produced very few cysts when compared to crosses within
either group i or iv (Sako et aI., 1990). Thus, while groups i-v cannot be described as
separate species based on morphology, species level recognition for these groups is
indicated by phylogenetic and biological incompatibility. We realize that describing new
cryptic species within the tamarensis complex may be controversial and that some
diffculty will arise from nomenclature changes. However, accurately identifying
biologically and ecologically meaningful species wil allow better understanding of
Alexandrium physiology, ecology, and dispersal and may allow for better management
strategies to be developed.
Restructuring the taxonomic nomenclatue of any group requires research into the
historical precedence and relevance of existing names. The first record of any strain
within the tamarensis complex is the description of Gonyaulax tamarensis by Marie
Lebour (1925), which later became A. tamarense when the group was moved into the
Alexandrium genus. Interestingly, there is no mention of a ventral pore in her original
description, which makes it identical to A. fundyense as described by Balech (1985). G.
catenella (=A. catenella) was described by Whedon and Kofoid (1936) along with G.
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acatenella (=A. acatenella). They compare G. acatenella with Lebour's G. tamarensis
and note the differences, but make no such comparisons between G. catenella and G.
tamarensis. Instead, they compare the new species only to other chain forming
Gonyaulax. Yet if the written descriptions and diagrams are compared, the chain forming
habit is the only differences between G. catenella and G. tamarensis. Based on our
current knowledge, chain forming ability does not carr any phylogenetic significance,
and its loss in culture signifies a tie to environmental stimuli.
The precedence of the specific name tamarensis mandates its continued use. Because the
type strain came from the Tamar estuary in England (Lebour, 1925), this name should be
reserved for group III which includes strains from that region. The type localities for A.
fundyense, from the Bay of Fundy, Canada (Balech, 1985)and for A. catenella, from San
Francisco, California, USA (Whedon and Kofoid, 1936), are both regions where only
group I strains have been documented. The name A. catenella would have precedence.
However, because its description is identical to G. tamarensis with the exception of
chain-forming, it may not be relevant.
We thus recommend that new names be applied to groups I, II, iv and V and that group
III be known as A. tamarensis. We propose A. universa for group I, in recognition of the
fact that strains from this group have been found on all six temperate continents. For
group II, the name A. mediterra wil indicate the Mediterranean origin of this clade. A.
toxipotens descriptively names the toxin-producing clade of group IV, while A.
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tasmanense wil indicate the location where the only strain of group V has been found.
These proposed names for each strain can be found on Figure 4 and Table 1 along with
indications of the morphospecies designation formerly applied to that strain.
Biogeography. The five species of the tamarensis complex pictured on Figure 4 are
genetically distinct lineages. This indicates that the populations are evolutionarily
separate, though it is difficult to determine when and where the ancestors to the five
groups may have lived as a single population, and when their evolutionary history
separated. Given the current distributions (see Fig. 2), it is likely that A. universa, A.
mediterra and A. tamarensis populated the Tethys and early Atlantic Oceans. A.
mediterra and A. tamarensis may have been a single non-toxic population in the Tethys
and surounding seas. The most likely tree places A. tamarensis as more closely related
to A. toxipotens and A. tasmanense than to A. mediterra, but the bootstrap for this
placement is quite low (61). It is entirely possible that A. tamarensis is basal to A.
universa and A. mediterra instead. A. mediterra would have become isolated with the
closing of the Mediterranean and evolved separated from A. tamarensis, which remained
in Atlantic Europe.
The single A. tamarensis strain from Japan, WKS-1, is most likely human-introduced,
especially considering its genetic similarity to a strain from Europe. However, it is also
possible that this strain represents an isolated remnant population following vicariance.
During a period of more temperate seas, the distribution of A. tamarensis may have
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included the Artic ocean. When the climate cooled, the majority of the A. tamarensis
population may have been forced southwards into Europe, while a portion of the
population could have traveled through the Bering Sea into Japan.
While WKS-1 is more likely to be human introduced, the A. universa representatives in
the nortern Pacific Ocean and the northern Atlantic Ocean probably are vicariant
populations now separated by the Aric Ocean. When only two strains with genetic
similarity to the North American strains were known from Japan, and given the lack of
PSP records prior to 1948 (Anaku, 1984), it was originally though that these populations
were human introduced (Scholin et aI., 1994). However, the group one population has
now been recognized in Korea, Kamchatka and the Bering Sea in addition to the Japan
and North American coastline (Fig. 2 , Fig. 3, and Fig. 4). The broad distribution of A.
universa strains through the entire north Pacific is likely to indicate that this population is
native to the region and is spreading by natural means. While the distinction is not
statistically significant, it is noteworthy that the strain from the Bering Sea, A TRU-1 0
was placed basally to the entire group I clade (Fig. 3 and Fig. 4), perhaps indicating
ancestry and supporting an early Arctic population.
The A. universa population from eastern North America is generally thought to be
endemic, given the long history ofPSP in this region (Prakash et aI., 1971). When it was
recognized that the toxic A. tamarense (=A. universa) populations in the Orkney Islands,
Scotland were genetically similar to those from North America (Medlin et aI., 1998), it
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was again thought that the population was human introduced, while the non-toxic A.
tamarense (=A. tamarensis) populations were native to the United Kingdom (Hingman et
aI., 2001; Medlin et aI., 1998). Yet anecdotal evidence indicates that PSP was present in
the United Kingdom at least since 1827 (Ayers, 1975). We have also now documented
toxic A. universa in two other areas of Scotland and from the Faroe Islands, which
indicates a widespread toxic population. The location of the Faroe Islands halfway
between Scotland and Iceland provides an intermediate habitat, closing the gap between
the two disjunct populations and lending support to the alternate theory that the toxic A.
universa populations in Europe are a natural extension of the A. universa populations in
eastern North America.
The populations of A. universa in South America and South Africa are separated from the
northern hemisphere populations by a strong geographic barrier: temperature. No
tamarensis complex populations are found in the tropical Americas, and laboratory tests
of temperature tolerances indicate that the species in cultures at present cannot survive
under tropical conditions (Anderson, 1998; Persich et aI., 2002). It is thus unlikely that
the southern Alexandrium populations have migrated from the northern hemisphere
recently.
Two possibilities remain for the arrival of A. universa populations in South America and
South Africa. human introduction and natural transportation by currents during a period
when the climate was substantially cooler than it is today, such as during one of the
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recent ice ages. Reports ofPSP from Chile date back to 1886 (Sengers, 1908) and PSP in
South Africa has been known since 1948 although Alexandrium was not identified as the
causative organisms until 1980. Again, the likely scenario is natural transport during the
recent geologic past to these two areas. However, eastern South America does not have a
historic record ofPSP Alexandrium tamarense (=A. universa) was first implicated in
PSP in Argentina and Uruguay in 1980 (Carreto et aI., 1985; Davison and Yentsch,
1985), and in Brazil in 1996 (Odebrecht et aI., 1997). Cold northerly currents dominated
during the spring of the first year A. tamarense (=A. universa) was seen in BraziL. Given
the fact that A. tamarense (=A. universa) populations in Argentina and Uruguay are often
associated with frontal zones (Brazeiro et aI., 1997; Gayoso, 2001), cells may have been
transported via natural current systems. The DNA sequences of strains from Chile,
Uruguay and Brazil are identical and their toxin profiles are similar (Mendez et aI., 2001;
Persich et aI., 2003), indicating a close relationship between the populations and
supporting the hypothesis that Alexandrium is spreading northwards in eastern South
America.
The complete genetic identity between the A. universa populations on the east coast of
South America and Chile may indicate that the eastern populations originated in Chile,
either by human introduction or via natural currents through the Straits Magellan.
Because so many A. universa strains have similar DNA sequences, however, we cannot
exclude the possibility of a separate introduction event to eastern South America from
another location. If the strains were in fact transported by natural means from Chile,
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there must be an explanation for why the population was able to spread eastwards
recently although it had historically not done so. Environmental change, in the form of
global warming or coastal eutrophication, may hold the answer.
The Tasmanian strain, A. tasmanense, is definitely distinct from the A. toxipotens strains,
but the two groups are more related to one another than to A. universa, A. mediterra or A.
tamarensis (Fig. 4). It is likely that A. tasmanense diverged from A. toxipotens in the
geologic past, and that this group is endemic to Australia (Scholin et aI., 1995; Scholin et
aI., 1994). The Tasmanian strain and those from Port Philip Bay, Victoria are in close
geographic proximity, but are descended from different populations. Scholin et al.
(1994) consider the Australian strains to be introduced, while the Tasmanian strain is
native. A native population of non-toxic A. tasmanense cells would explain the reports of
Alexandrium like cells in the area prior to the 1980s without reports of PSP toxicity
(Hallegraeff et aI., 1991). The toxic population of A. catenella (=A. toxipotens) strains
that caused the toxicity were thought to be human-introduced, given the historic lack of
toxicity, strong geographic barrer (temperatue), the genetic similarity to strains from
Asia, and the presence of viable cells of the same genetic make-up in ballast water
discharged into Port Philip Bay (Hallegraeff and Bolch, 1991, Scholin et aI., 1995;
Scholin et aI., 1994). None of these facts have changed, yet we now also know the
genetic affinity ofA. toxipotens from New Zealand, which shares identical D1-D2
sequence with strain ACPP09 from Port Phillip Bay. This indicates that group IV is more
widespread in the southern Pacific Ocean than previously thought. This may mean that
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the populations are in fact endemic, or that A. toxipotens have been transported from
Australia to New Zealand.
The remaining A. toxipotens strains were all obtained from Asia with the exception of
strains from the Mediterranean coast of France. This population is almost certainly
introduced, as we have already reported (Lily et aI., 2002). Monitoring programs in this
region of the Mediterranean have now observed A. catenella (=A. toxipotens) in a variety
of locations along the French and Spanish coastlines. The protected semi-enclosed
environments offered by human alteration of harbors and protection of beaches creates a
perfect environment for this organisms, and A. toxipotens appears to be thriving in its
new home (Vila et aI., 2001b).
The distributions of A. toxipotens and A. universa strains in Asia overlap in Japan and
Korea, where the genetic and morphological differences between these groups have been
intensely studied (e.g. Adachi et aI., 1996a; Kim et aI., 2002; Sako et aI., 1993 ; Yoshida
et aI., 2001). A. universa strains seem capable of tolerating lower temperatures, as their
distribution continues northwards to the Bering Sea, while A. toxipotens strains may need
warmer waters, as their distribution continues south through Hong Kong and China. The
ability of A. toxipotens strains to tolerate more tropical conditions explains why
tamarensis complex cells cause PSP at much lower latitudes in Asia than in North
America, where only A. universa strains are found, and why these strains have been able
to establish populations in the Mediterranean. An inability to thrive in colder waters
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could also explain why A. toxipotens had a limited geographic range prior to human
assistance with dispersal. These strains would have been unable to cross into the Atlantic
via the Arctic Ocean unless global temperatues were substantially greater than they are
curently.
CONCLUSIONS
The three morphospecies of the tamarensis complex do not conform to the phylogenetic,
biological or morphological species definition, and thus ought not to be considered valid
species. Instead, a new taxonomic system based on phylogenetic and mating data is
proposed which includes five tamarensis complex species: A. universa, A. mediterra, A.
tamarensis, A, toxipotens, and A. tasmanense.
The reconstructed phylogeny and biogeography as outlined in this paper indicate that
both human-assisted and natual means have been involved in establishing the current
distribution of the tamarensis complex. This group of organisms is thrving in many
coastal waters and appears to be aided by coastal eutrophication and the constrction of
enclosed harbors and beaches.
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TAXONOMIC APPENDIX
Class Dinophyceae Pascher 1914
Order Gonyaulacales Taylow 1980
Family Gonyaulacaceae Lindemann 1928
Genus Alexandrium Halim 1960
Alexandrium universa Lily sp. novo
Etymology: From the Latin universalis, meaning universal, to indicate the global range
of this group.
Alexandrium mediterra Lily sp. novo
Etymology: Named for the Mediterranean Ocean, from where the four known strains
onginate.
Alexandrium toxipotens Lily sp. novo
Etymology: From the Latin toxicum, meaning poison, and pote, meaning capable, to
indicate that all tested strains of this species are capable of producing paralytic shellfish
poisons.
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Alexandrium tasmanense Lily sp. novo
Etymology: Named for the Australian state of Tasmania, from where the only known
strain originates.
Alexandrium tamarensis (Lebour) Lily comb. novo
Syns: Gonyaulax tamarensis, Alexandrium tamarense
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Table 1: DNA sequences used in this study. Strain designation, morpho species,
geographic origin, GenBank accession number, culture source and original citation are
given where available.
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Figure 1: Thecal plate diagrams of the tamarensis complex species. A: A. catenella,
chain forming with no ventral pore, B: A. tamarense, non-chain forming with a ventral
pore, C: A. fundyense, non-chain forming with no ventral pore. Redrawn from Balech
(1995).
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Figure 2: The geographic origins of the strains used in this study. Each circle may
represent multiple isolates. See Table 1 for a complete listing. Circle colors refer to
phylogenetic clades as depicted on Figure 3. Black: group 1, Horizontal stripes: group 2,
Gray: group 3, White: group 4, Vertical stripes: group 4. Stars represent origins of
outgroup strains A. affne, A. tropicale and A. tamiyavanichii.
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F i g u r e  3 .  O n e  o f  
t w o  m o s t  l i k e l y  t r e e s  r e t u r n e d  b y  m a x i m u m  l i k e l i h o o d  a n a l y s i s ,  s c o r e
- I n  2 7 5 6 . 4 8 7 9 .  S t r a i n s  a r e  l a b e l e d  w i t h  t h e i r  o r i g i n a l  m o r p h o s p e c i e s  d e s i g n a t i o n .  S e e
T a b l e  1  a n d  F i g u r e  2  f o r  t h e  p r e c i s e  g e o g r a p h i c  o r i g i n s  o f  t h e  s t r a i n s .
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a n d  H o o i ,  K .  K .  e d s .  T o x i c  R e d  T i d e s  a n d  S h e l l f i s h  T o x i c i t y  i n  S o u t h e a s t  A s i a
S o u t h e a s t  A s i a n  F i s h e r i e s  D e v e l o p m e n t  C e n t e r ,  S i n g a p o r e ,  1 0 5 - 1 0 9  p p .
A y e r s ,  P .  A .  1 9 7 5 .  M u s s e l  p o i s o n i n g  i n  B r i t a i n  w i t h  s p e c i a l  r e f e r e n c e  t o  P a r a l y t i c
S h e l l f i s h  P o i s o n i n g :  a  r e v i e w  o f  c a s e s  r e p o r t e d  1 8  1 4 - 1 9 6 8 .  E n v i r o n m e n t a l  H e a l t h .
1 9 7 5 :  2 6 1 - 2 6 5 .
B a l e c h ,  E .  1 9 8 5 .  T h e  g e n u s  A l e x a n d r i u m  o r  G o n y a u l a x  o f  
t h e  t a m a r e n s i s  g r o u p .  I n
A n d e r s o n ,  D .  M . ,  W h i t e ,  A .  W . ,  a n d  B a d e n ,  D .  G .  e d s .  T o x i c  D i n o f l a g e l l a t e s
E l s e v i e r ,  N e w  Y o r k ,  3 3 - 3 8  p p .
B a l e c h ,  E .  1 9 9 5 .  T h e  g e n u s  A l e x a n d r i u m  H a l i m  ( d i n o f l a g e l l a t a ) ,  S h e r k i n  I s l a n d  M a r i n e
S t a t i o n ,  S h e r k i n  I s l a n d ,  I r e l a n d ,  1 5 1  p p .
B a n d - S c h m i d t ,  C .  J . ,  L i l y ,  E .  L . ,  a n d  A n d e r s o n ,  D . ,  M .  2 0 0 3 .  I d e n t i f i c a t i o n  o f
A l e x a n d r i u m  a f f n e  a n d  A .  m a r g a l e f i  ( D i n o p h y c e a e )  f r o m  M e x i c o ,  u s i n g  D N A
s e q u e n c i n g  a n d  L S U  r D N A - b a s e d  R F L P - P C R  a s s a y s .  P h y c o l o g i a .  a c c e p t e d .
B r a z e i r o ,  A . ,  M e n d e z ,  S . ,  a n d  F e r r a r i ,  G .  1 9 9 7  T h e  f i r s t  t o x i c  b l o o m s  o f A l e x a n d r i u m
t a m a r e n s e  i n  U r u g u a y '  a s s o c i a t e d  e n v i r o n m e n t a l  f a c t o r s .  A t l a n t i c a ,  R i o  G r a n d e .
1 9 :  1 9 - 2 9
C a r r e t o , 1 .  1 . ,  N e g r i ,  R .  M . ,  B e n a v i d e s ,  H .  R . ,  a n d  A k s e l m a n ,  R .  1 9 8 5 .  T o x i c
d i n o f l a g e l l a t e  b l o o m s  i n  t h e  A r g e n t i n e  S e a .  I n  A n d e r s o n ,  D .  M . ,  W h i t e ,  A .  W . ,
a n d  B a d e n ,  D .  G  e d s .  T o x i c  D i n o f l a g e l l a t e s  E l s e v i e r ,  N e w  Y o r k ,  1 4 7 - 1 5 2  p p .
C e m b e l l a ,  A .  D .  1 9 9 8 .  E c o p h y s i o l o g y  a n d  m e t a b o l i s m  o f  
p a r a l y t i c  s h e l l f i s h  t o x i n s  i n
m a r i n e  m i c r o a l g a e .  I n  A n d e r s o n ,  D .  M . ,  C e m b e l l a ,  A .  D . ,  a n d  H a l l e g r a e f f ,  G .  M .
e d s .  P h y s i o l o g i c a l  E c o l o g y  o f  H a r m f u l  A l g a l  B l o o m s  N A T O  A S I  S e r i e s  S p r i n g e r ,
B e r l i n ,  3 8 1 - 4 0 3  p p .
C e m b e l l a ,  A .  D . ,  a n d  T a y l o r ,  F  J .  R .  1 9 8 6 .  E l e c t r o p h o r e s i s  v a r i a b i l i t y  w i t h i n  t h e
P r o t o g o n y a u l a x  t a m a r e n s i s / c a t e n e l l a  s p e c i e s  c o m p l e x :  p y r i d i n e  l i n k e d
d e h y d r o g e n a s e s .  B i o c h e m i c a l  S y s t e m a t i c s  a n d  E c o l o g y .  1 4 :  3 1 1 - 3 2 3 .
C h e n ,  Y . - q . ,  Q u i ,  X - z . ,  Q u ,  L . - h . ,  Z e n g ,  L . - m . ,  Q i ,  Y . - z . ,  a n d  Z h e n g ,  L .  1 9 9 9 .  A n a l y s i s
o f  m o l e c u l a r  b i o g e o g r a p h i c  m a r k e r  o n  r e d  t i d e  t o x i c  A l e x a n d r i u m  t a m a r e n s e  i n
t h e  S o u t h  C h i n a  S e a .  O c e a n o l o g i a  e t  l i m n o l o g i a  S i n i c a .  3 0 :  4 5 - 5 1 .
D a v i s o n ,  P . ,  a n d  Y e n t s c h ,  C .  M .  1 9 8 5 .  O c c u r r e n c e  o f  
t o x i c  d i n o f l a g e l l a t e s  a n d  s h e l l f i s h
t o x i n  a l o n g  c o a s t a l  U r u g u a y ,  A o u t h  A m e r i c a .  I n  A n d e r s o n ,  D .  M . ,  W h i t e ,  A .  W . ,
a n d  B a d e n ,  D .  G .  e d s .  T o x i c  D i n o f l a g e l l a t e s  E l s e v i e r ,  N e w  Y o r k ,  1 5 3 - 1 5 7  p p .
1 2 1
G a y o s o ,  A .  M .  2 0 0 1 .  O b s e r v a t i o n s  o n  A l e x a n d r i u m  t a m a r e n s e  ( L e b o u r )  B a l e c h  a n d  o t h e r
d i n o f l a g e l l a t e  p o p u l a t i o n s  i n  G o l f o  N u e v o ,  P a t a g o n i a  ( A r g e n t i n a ) .  J o u r n a l  
o f
P l a n k t o n  R e s e a r c h .  2 3 :  4 6 3 - 4 6 8 .
G i b s o n ,  T . ,  H i g g i n s ,  D .  G . ,  a n d  T h o m p s o n ,  J .  1 9 9 4 .  C l u s t a l  X :  I m p r o v e d  s o f t w a r e  f o r
m u l t i p l e  s e q u e n c e  a l i g n m e n t .  E M B L ,  H e i d l e b e r g ,  G e r m a n y
G o d h e ,  A . ,  O t t a ,  S .  K . ,  R e h n s t a m - H o l m ,  A . - S . ,  K a r u n a s a g a r ,  1 . ,  a n d  K a r u n a s a g a r ,  1 .
2 0 0 1 .  P o l y m e r a s e  c h a i n  r e a c t i o n  i n  d e t e c t i o n  o f  G y m n o d i n i u m  m i k i m o t o i  a n d
A l e x a n d r i u m  m i n u t u m  i n  f i e l d  s a m p l e s  f r o m  s o u t h w e s t  I n d i a .  M a r i n e
B i o t e c h n o l o g y  3 :  1 5 2 - 1 6 2 .
G u i l o u ,  L . ,  N é z a n ,  E . ,  C u e f f ,  V . ,  E r a r d - L e  D e n n ,  E . ,  C a m b o n - B o n a v i t a ,  M . - A . ,  G e n t i e n ,
P . ,  a n d  B a r b i e r ,  G .  2 0 0 2 ,  G e n e t i c  d i v e r s i t y  a n d  m o l e c u l a r  d e t e c t i o n  o f  
t h r e e  t o x i c
d i n o f l a g e l l a t e  g e n e r a  ( A l e x a n d r i u m ,  D i n o p h y s i s ,  a n d  K a r e n i a )  f r o m  F r e n c h
c o a s t s .  P r o t i s t .  1 5 3 '  2 2 3 - 2 3 8 .
H a l l e g r a e f f ,  G .  1 9 9 3 .  A  r e v i e w  o f  
h a r m f u l  a l g a l  b l o o m s  a n d  t h e i r  a p p a r e n t  g l o b a l
I n c r e a s e .  P h y c o l o g i a .  3 2 :  7 9 - 9 9 .
H a l l e g r a e f f ,  G . ,  S t e f f e n s e n ,  D .  A . ,  a n d  W e t h e r b e e ,  R .  1 9 8 8 .  T h r e e  e s t u a r i n e  A u s t r a l i a n
d i n o f l a g e l l a t e s  t h a t  c a n  p r o d u c e  p a r a l y t i c  s h e l l f i s h  t o x i n s .  J o u r n a l  o f  P l a n k t o n
R e s e a r c h .  1 0 '  5 3 3 - 5 4 1
H a l l e g r a e f f ,  G .  M . ,  a n d  B o l c h ,  C .  1 .  1 9 9 1 .  T r a n s p o r t  o f  d i a t o m  a n d  d i n o f l a g e l l a t e  c y s t s
v i a  s h i p ' s  b a l l a s t  w a t e r  M a r i n e  P o l l u t i o n  B u l l e t i n .  2 2 .  2 7 - 3 0 .
H a l l e g r a e f f ,  G .  M . ,  B o l c h ,  C .  J . ,  B l a c k b u r n ,  S .  1 . ,  a n d  O s h i m a ,  Y .  1 9 9 1 .  S p e c i e s  o f  
t h e
t o x i g e n i c  d i n o f l a g e l l a t e  g e n u s  A l e x a n d r i u m  i n  s o u t h e a s t e r n  A u s t r a l i a n  w a t e r s .
B o t a n i c a  M a r i n a .  3 4 :  5 7 5 - 5 8 7 .
H a n s e n ,  G . ,  D a u g b j e r g ,  N . ,  a n d  H e m i k s e n ,  P  2 0 0 0 .  C o m p a r a t i v e  s t u d y  o f  G y m n o d i n i u m
m i k i m o t o i  a n d  G y m n o d i n i u m  a u r e o l u m ,  c o m b .  n o v o  ( = G y r o d i n i u m  a u r e o l u m )
b a s e d  o n  m o r p h o l o g y ,  p i g m e n t  c o m p o s i t i o n ,  a n d  m o l e c u l a r  d a t a .  J o u r n a l  o f
P h y c o l o g y  3 6 :  3 9 4 - 4 1 0 .
H a y h o m e ,  B .  A . ,  A n d e r s o n ,  D .  M . ,  K u l i s ,  D .  M . ,  a n d  W h i t t e n ,  D .  J .  1 9 8 9 .  V a r i a t i o n
a m o n g  c o n g e n e r i c  d i n o f l a g e l l a t e s  f r o m  n o r t h e a s t e r n  U n i t e d  S t a t e s  a n d  C a n a d a .  1 .
e n z y m e  e l e c t r o p h o r e s i s .  M a r i n e  B i o l o g y .  1 0 1 .  4 2 7 - 4 3 5 .
H a y w o o d ,  A .  J . ,  a n d  M a c K e n z i e ,  L .  1 9 9 7 .  A  p h y l o g e n e t i c  a n a l y s i s  o f L S U  r D N A  f r o m
N e w  Z e a l a n d ' s  A l e x a n d r i u m  s p e c i e s .  G e n B a n k .
1 2 2
H i l l i s ,  D .  M . ,  M o r i t z ,  C . ,  a n d  M a b l e ,  B .  K .  1 9 9 6 .  M o l e c u l a r  S y s t e m a t i c s ,  S i n a u e r
A s s o c i a t e s ,  S u n d e r l a n d ,  M A ,  6 5 5  p p .
H i n g m a n ,  W  A . ,  S t o n e ,  D .  M . ,  a n d  L e w i s ,  J .  M .  2 0 0 1  S e q u e n c e  c o m p a r i s o n s  o f  
t o x i c
a n d  n o n - t o x i c  A l e x a n d r i u m  t a m a r e n s e  ( D i n o p h y c e a e )  i s o l a t e s  f r o m  U K  w a t e r s .
P h y c o l o g i a .  4 0 :  2 5 6 - 2 6 2 .
K i m ,  C .  1 . ,  S a k o ,  Y . ,  a n d  U c h i d a ,  A .  2 0 0 3 .  T h e  p h y l o g e n e t i c  r e l a t i o n s h i p s  w i t h i n  t h e
g e n u s  A l e x a n d r i u m  ( D i n o p h y c e a e )  b a s e d  o n  n u c l e a r - e n c o d e d  S S U  a n d  L S U
r D N A  D 1 / D 2  s e q u e n c e s .  G e n B a n k .
K i m ,  K -  Y . ,  a n d  K i m ,  C . - H .  2 0 0 2 .  G e o g r a p h i c a l  d i s t r i b u t i o n  o f  A l e x a n d r i u m
t a m a r e n s e / c a t e n e l l a  c o m p l e x  ( D i n o p h y c e a e )  i n  K o r e a  i n f e r r e d  f r o m  s e q u e n c e
a n a l y s i s  o f L S U  r D N A  D 1 - D 2  r e g i o n .  G e n B a n k .
K i m ,  K - Y . ,  Y o s h i d a ,  M . ,  F u k u y o ,  Y . ,  a n d  K i m ,  C . - H .  2 0 0 2 .  M o r p h o l o g i c a l  o b s e r v a t i o n
o f  A l e x a n d r i u m  t a m a r e n s e  ( L e b o u r )  B a l e c h ,  A .  c a t e n e l l a  ( W h e d o n  e t  K o f o i d )
B a l e c h  a n d  o n e  r e l a t e d  m o r p h o t y p e  ( D i n o p h y c e a e )  i n  K o r e a .  A l g a e .  1 7 '  1 1 - 1 9 .
L e b o u r ,  M .  V  1 9 2 5  T h e  D i n o f l a g e l l a t e s  o f  
N o r t h e r n  S e a s ,  M a r i n e  B i o l o g i c a l
A s s o c i a t i o n  o f  
t h e  U n i t e d  K i n g d o m ,  P l y m o u t h ,  U K ,  2 5 0  p p .
L i l l y ,  E ,  L . ,  H a l a n y c h ,  K  M . ,  a n d  A n d e r s o n ,  D . ,  M .  2 0 0 3 .  P h y l o g e n y  o f  
t h e  t o x i c
d i n o f l a g e l l a t e  g e n u s  A l e x a n d r i u m  ( D i n o p h y c e a e ) .  S u b m i t t e d :  J o u r n a l  o f
P h y c o l o g y .
L i l y ,  E .  L . ,  K u l i s ,  D  M . ,  G e n t i e n ,  P . ,  a n d  A n d e r s o n ,  D .  M .  2 0 0 2 .  P a r a l y t i c  s h e l l f i s h
p o i s o n i n g  t o x i n s  i n  F r a n c e  l i n k e d  t o  a  h u m a n - i n t r o d u c e d  s t r a i n  o f  A l e x a n d r i u m
c a t e n e l l a  f r o m  t h e  w e s t e r n  P a c i f i c :  e v i d e n c e  f r o m  D N A  a n d  t o x i n  a n a l y s i s .
J o u r a l  o f  P l a n k t o n  R e s e a r c h .  2 4 :  4 4 3 - 4 5 2 .
M a d d i s o n ,  D .  R . ,  a n d  M a d d i s o n ,  W .  P .  2 0 0 0 .  M a c C l a d e  4 :  A n a l y s i s  o f  
p h y l o g e n y  a n d
c h a r a c t e r  e v o l u t i o n .  S i n a u e r  A s s o c i a t e s ,  S u n d e r l a n d ,  M a s s a c h u s e t t s .  4 . 0 .
M a y r ,  E .  1 9 4 2 .  S y s t e m a t i c s  a n d  t h e  o r i g i n  o f  s p e c i e s ,  C o l u m b i a  U n i v e r s i t y  P r e s s ,  N e w
Y o r k ,  p p .
M a y r ,  E .  1 9 8 2 .  T h e  G r o w t h  o f  
B i o l o g i c a l  T h o u g h t :  D i v e r s i t y ,  E v o l u t i o n  a n d  I n h e r i t a n c e . ,
H a r v a r d  U n i v e r s i t y  P r e s s ,  C a m b r i d g e ,  M A ,  2 7 3  p p .
M e d l i n ,  L .  K ,  L a n g e ,  M . ,  W e l l b r o c k ,  u . ,  D o n n e r ,  G . ,  E l b r a c h t e r ,  M . ,  H u m m e r t ,  c . ,  a n d
L u c k a s ,  B .  1 9 9 8 .  S e q u e n c e  c o m p a r i s o n s  l i n k  t o x i c  E u r o p e a n  i s o l a t e s  o f
A l e x a n d r i u m  t a m a r e n s e  f r o m  t h e  O r k n e y  I s l a n d s  t o  t o x i c  N o r t h  A m e f l c a n  s t o c k s .
E u r o p e a n  J o u r n a l  o f  
P r o t i s t o l o g y  3 4 :  3 2 9 - 3 3 5 .
1 2 3
M e n d e z ,  S . ,  K u l i s ,  D .  M . ,  a n d  A n d e r s o n ,  D .  M .  2 0 0 1  P S P  t o x i n  p r o d u c t i o n  o f
U r u g u a y a n  i s o l a t e s  o f  G y m n o d i n i u m  c a t e n a t u m  a n d  A l e x a n d r i u m  t a m a r e n s e .  I n
H a l l e g r a e f f ,  G . ,  B o l c h ,  C .  J . ,  B l a c k b u r n ,  S .  1 . ,  a n d  L e w i s ,  R .  J  e d s .  P r o c e e d i n g s
o f  t h e  N i n t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  H a r m f u l  A l g a l  B l o o m s .  H o b a r t ,
A u s t r a l i a ,  3 5 2 - 3 5 5  p p .
O d e b r e c h t ,  C . ,  M e n d e z ,  S . ,  a n d  G a r c i a ,  V .  M .  T .  1 9 9 7 .  O c e a n o g r a p h i c  p r o c e s s e s  a n d
H A B  i n  t h e  s u b t r o p i c a l  s o u t h w e s t e r n  A t l a n t i c  ( 2 6 - 3 6  d e g r e e s  S ) .  V I I I
I n t e r n a t i o n a l  C o n f e r e n c e  o n  H a r m f u l  A l g a e .  V i g o ,  S p a i n  p p .
O r l o v a ,  T  Y . ,  S e l i n a ,  M .  S . ,  L i l y ,  E .  L . ,  K u l i s ,  D .  M . ,  a n d  A n d e r s o n ,  D . ,  M .  2 0 0 2 .
M o r p h o g e n e t i c  a n d  t o x i n  c o m p o s i t i o n s  i n t r a s p e c i f i c  v a r i a b i l i t y  o f  A l e x a n d r i u m
t a m a r e n s e  f r o m  t h e  R u s s i a n  e a s t  c o a s t .  T e n t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n
H a r m f u l  A l g a e .  S t .  P e t e r s b u r g ,  F L  p p .
P e r s i c h ,  G  R . ,  K u l i s ,  D .  M . ,  L i l y ,  E .  L . ,  A n d e r s o n ,  D . ,  M . ,  a n d  G a r c i a ,  V .  M .  T .  2 0 0 2 .
G e n e t i c  v a r i a b i l i t y  a n d  t o x i n  p r o f i l e  o f  A l e x a n d r i u m  t a m a r e n s e  ( L e b o u r )  B a l e c h
f r o m  s o u t h e r n  B r a z i L .  A b s t r a c t s  o f  t h e  X t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  H a r m f u l
A l g a e ,  S t .  P e t e ,  F l o r i d a p p .
P e r s i c h ,  G R . ,  K u l i s ,  D .  M . ,  L i l l y ,  E .  L . ,  A n d e r s o n ,  D . ,  M . ,  a n d  G a r c i a ,  V .  M .  T .  2 0 0 3 .
P r o b a b l e  o r i g i n  a n d  t o x i n  p r o f i l e  o f  A l e x a n d r i u m  t a m a r e n s e  ( L e b o u r )  B a l e c h
f r o m  s o u t h e r n  B r a z i L .  I n  P r e p .
P o s a d a ,  D . ,  a n d  C r a n d a l l ,  K .  A .  1 9 9 8 .  M o d e l t e s t :  t e s t i n g  t h e  m o d e l  o f  
D N A  s u b s t i t u t i o n .
B i o i n f o r m a t i c s .  1 4 :  8 1 7 - 8 1 8 .
P r a k a s h ,  A . ,  M e d c o f ,  J .  C . ,  a n d  T e n n a n t ,  A .  D .  1 9 7 1  P a r a l y t i c  s h e l l f i s h  p o i s o n i n g  i n
e a s t e r n  C a n a d a .  B u l l e t i n  o f  
t h e  F i s h e r i e s  R e s e a r c h  B o a r d  o f  
C a n a d a .  1 7 7 :  1 - 8 7 .
R o d r i g u e z ,  F . ,  O l i v e r ,  J .  F . ,  M a r i n ,  A . ,  a n d  M e d i n a ,  J .  R ,  1 9 9 0 .  T h e  g e n e r a l  s t o c h a s t i c
m o d e l  o f  
n u c l e o t i d e  s u b s t i t u t i o n .  J o u r n a l  o f  
T h e o r e t i c a l  B i o l o g y .  1 4 2 :  4 8 5 - 5 0 1 .
S a k o ,  Y . ,  A d a c h i ,  M . ,  a n d  I s h i d a ,  Y .  1 9 9 3 .  P r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n  o n
m o n o c l o n a l  a n t i b o d i e s  t o  A l e x a n d r i u m  s p e c i e s .  I n  S m a y d a ,  T  J . ,  a n d  S h i m i z u ,  Y
e d s .  T o x i c  P h y t o p l a n k t o n  B l o o m s  i n  t h e  S e a  E l s e v i e r  S c i e n c e  P u b l i s h i n g ,  8 7 - 9 3
p p .
S a k o ,  Y . ,  K i m ,  C . ,  N i n o m i y a ,  H . ,  A d a c h i ,  M . ,  a n d  I s h i d a ,  Y .  1 9 9 0 .  I s o z y m e  a n d  c r o s s
a n a l y s i s  o f  m a t i n g  p o p u l a t i o n s  i n  t h e  A l e x a n d r i u m  c a t e n e l l a / t a m a r e n s e  s p e c i e s
c o m p l e x .  I n  G r a n e l i ,  E . ,  S u n d s t r o m ,  B . ,  E d l e r ,  L . ,  a n d  A n d e r s o n ,  D .  M .  e d s .
T o x i c  M a r i n e  P h y t o p l a n k t o n  E l s e v i e r ,  N e w  Y o r k ,  8 7 - 9 3  p p .
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S c h o l i n ,  C .  A . ,  a n d  A n d e r s o n ,  D .  M .  1 9 9 4 .  I d e n t i f i c a t i o n  o f  g r o u p  a n d  s t r a i n - s p e c i f i c
g e n e t i c  m a r k e r s  f o r  g l o b a l l y  d i s t r i b u t e d  A l e x a n d r i u m  ( d i n o p h y c e a e ) .  I .  R F L P
a n a l y s i s  o f S S U  r R N A  g e n e s , .  J o u r n a l  o f P h y c o l o g y  3 0 :  7 4 4 - 7 5 4 .
S c h o l i n ,  C .  A . ,  a n d  A n d e r s o n ,  D .  M .  1 9 9 6 .  L S U  r D N A - b a s e d  R F L P  a s s a y s  f o r
d i s c r i m i n a t i n g  s p e c i e s  a n d  s t r a i n s  o f  A l e x a n d r i u m  ( D i n o p h y c e a e ) .  J o u r n a l  o f
P h y c o l o g y  3 2 :  1 0 2 2 - 1 0 3 5 .
S c h o l i n ,  C .  A . ,  H a l l e g r a e f f ,  G . ,  a n d  A n d e r s o n ,  D .  M .  1 9 9 5 .  M o l e c u l a r  e v o l u t i o n  o f  
t h e
A l e x a n d r i u m  t a m a r e n s e  ' s p e c i e s  c o m p l e x '  ( D i n o p h y c e a e ) :  d i s p e r s a l  i n  t h e  N o r t h
A m e r i c a n  a n d  W e s t  P a c i f i c  r e g i o n s .  P h y c o l o g i a .  3 4 :  4 7 2 - 4 8 5 .
S c h o l i n ,  C .  A . ,  H e r z o g ,  M . ,  S o g i n ,  M . ,  a n d  A n d e r s o n ,  D .  M .  1 9 9 4 .  I d e n t i f i c a t i o n  o f  g r o u p
a n d  s t r a i n - s p e c i f i c  g e n e t i c  m a r k e r s  f o r  g l o b a l l y  d i s t r i b u t e d  A l e x a n d r i u m
( D i n o p h y c e a e ) .  I I .  S e q u e n c e  a n a l y s i s  o f  a  f r a g m e n t  o f  t h e  L S U  r R N A  g e n e .
J o u r n a l  o f P h y c o l o g y .  3 0 :  9 9 9 - 1 0 1 1 .
S e n g e r s ,  P  A .  1 9 0 8 .  P r i m e r a  o b s e r v a c i o n  d e  u n a  c a u s a  n u e v a  d e  e n f e r m i d a d  d e l  h i g a g o
c a u s a n d o  u n a  h i p e r t o f i a  y  c i r r o s i s  a t r o f i c a  c o n s e c u t i v a s  p o r  e x c e s i v i d a d
f u n c i o n a l  d e b i d o  a  a b o s o r c i o n  d e  t o x i n a s ,  y  p r i m e r a  o b s e r v a c i o n  d e
e s p l e n o m g a l i a  c o n c o m i t a n t e  c o n  h i p e r t o f i a  d e  b a z o  e n  e s t a s  a f e c c l O n e s .  L a
S e m a n a  M e d i c a .  2 0 .
S h i m o d a i r a ,  H . ,  a n d  H a s e g a w a ,  M .  1 9 9 9 .  M u l t i p l e  c o m p a r i s o n s  o f l o g - l i k e l i h o o d s  w i t h
a p p l i c a t i o n s  t o  p h y l o g e n e t i c  i n f e r e n c e .  M o l e c u l a r  B i o l o g y  a n d  E v o l u t i o n .  1 6 :
1 1 1 4 - 1 1 1 6 .
S w o f f o r d ,  D .  2 0 0 2 .  P A U P '  P h y l o g e n e t i c  a n a l y s i s  u s i n g  p a r s i m o n y  S i n a u e r  A s s o c i a t e s ,
S u n d e r l a n d ,  M A .  4 . 0 b 1 0 .
T a y l o r ,  F .  J .  R .  1 9 8 4 .  T o x i c  d i n o f l a g e l l a t e s :  t a x o n o m i c  a n d  b i o g e o g r a p h i c  a s p e c t s  w i t h
e m p h a s i s  o n  P r o t o g o n y a u l a x .  I n  R a g e l i s ,  E .  P .  e d .  S e a f o o d  T o x i n s  A m e r i c a n
C h e m i c a l  S o c i e t y ,  W a s h i n g t o n  D . C . ,  7 7 - 9 7  p p .
T a y l o r ,  F  J .  R .  1 9 9 3 .  T h e  s p e c i e s  p r o b l e m  a n d  i t s  i m p a c t  o n  h a r m f u l  a l g a l  p h y t o p l a n k t o n
s t u d i e s .  I n  S m a y d a ,  T .  J . ,  a n d  S h i m i z u ,  Y .  e d s .  T o x i c  P h y t o p l a n k t o n  B l o o m s  i n
t h e  S e a  E l s e v i e r  S c i e n c e  P u b l i s h e r s  B . V . ,  A m s t e r d a m ,  8 1 - 8 6  p p .
T a y l o r ,  F  J .  R . ,  F u k u y o ,  Y . ,  a n d  L a r s e n ,  J .  1 9 9 5 .  T a x o n o m y  o f  
h a r m f u l  d i n o f l a g e l l a t e s .
I n  H a l l e g r a e f f ,  G .  M . ,  A n d e r s o n ,  D .  M . ,  a n d  C e m b e l l a ,  A .  D .  e d s .  M a n u a l  o n
H a r m f u l  M a r i n e  M i c r o a l g a e .  I O C  M a n u a l s  a n d  G u i d e s  N o .  3 3  I n t e r g o v e r n e n t a l
O c e a n o g r a p h i c  C o m m i s s i o n  o f  U N E S C O ,  2 8 3 - 3 1 7  p p .
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U s u p ,  G . ,  P i n ,  L .  C . ,  A h m a d ,  A . ,  a n d  T e e n ,  L .  P .  2 0 0 2 .  P h y l o g e n e t i c  r e l a t i o n s h i p  o f
A l e x a n d r i u m  t a m a y a v a n i c h i i  ( D i n o p h y c e a e )  t o  o t h e r  A l e x a n d r i u m  s p e c i e s  b a s e d
o n  r i b o s o m a l  R N A  g e n e  s e q u e n c e s .  H a r m f u l  A l g a e .  1  5 9 - 6 8 .
V i l a ,  M . ,  D e l g a d o ,  M . ,  a n d  C a m p ,  J  2 0 0 1 a .  F i r s t  d e t e c t i o n  o f  
w i d e s p r e a d  t o x i c  e v e n t s
c a u s e d  b y  A l e x a n d r i u m  c a t e n e l l a  i n  t h e  M e d i t e r r a n e a n  S e a .  I n  H a l l e g r a e f f ,  G .  M . ,
B l a c k b u r ,  S .  1 . ,  B o l c h ,  C .  1 . ,  a n d  L e w i s ,  R .  J .  e d s .  H a r m f u l  A l g a l  B l o o m s  2 0 0 0
i O C ,  P a r i s p p .
V i l a ,  M . ,  G a r c e s ,  E . ,  M a s o ,  M . ,  a n d  C a m p ,  J .  2 0 0 1 b .  I s  t h e  d i s t r i b u t i o n  o f  
t h e  t o x i c
d i n o f l a g e l l a t e  A l e x a n d r i u m  c a t e n e l l a  e x p a n d i n g  a l o n g  t h e  N W  M e d i t e r r a n e a n
c o a s t ?  M a r i n e  E c o l o g y  P r o g r e s s  S e r i e s .  2 2 2 :  7 3 - 8 3
W h e d o n ,  W .  F . ,  a n d  K o f o i d ,  C .  A .  1 9 3 6 .  D i n o f l a g e l l a t a  o f  
t h e  S a n  F r a n c i s c o  r e g i o n ,  1 .
O n  t h e  s k e l e t a l  m o r p h o l o g y  o f  t w o  n e w  s p e c i e s ,  G o n y a u l a x  c a t e n e l l a  a n d  G .
a c a t e n e l l a .  U n i v e r s i t y  o f  C a l i f o r n i a  P u b l i c c a t i o n s  i n  Z o o l o g y  4 1 :  2 5 - 3 4 .
Y e u n g ,  P .  K .  K . ,  K o n g ,  K .  F . ,  W o n g ,  F  T  W . ,  a n d  W o n g ,  J .  T  Y  1 9 9 6 .  S e q u e n c e  d a t a
f o r  t w o  l a r g e - s u b u n i t  r R N A  g e n e s  f r o m  a n  A s i a n  s t r a i n  o f  A l e x a n d r i u m  c a t e n e l l a .
A p p l i e d  a n d  E n v i r o n m e n t a l  M i c r o b i o l o g y .  6 2 :  4 1 9 9 - 4 2 0 1 .
Y e u n g ,  P .  K .  K . ,  W o n g ,  F .  T .  W . ,  a n d  W o n g ,  J .  T .  Y .  2 0 0 2 .  L a r g e  s u b u n i t  r D N A
s e q u e n c e s  f r o m  A l e x a n d r i u m  c a t e n e l l a  s t r a i n s  i s o l a t e d  d u r i n g  h a r m f u l  a l g a l
b l o o m s  i n  H o n g  K o n g .  J o u r n a l  o f  A p p l i e d  P h y c o l o g y  1 4 :  1 4 7 - 1 5 0 .
Y o s h i d a ,  T . ,  S a k o ,  Y . ,  a n d  U c h i d a ,  A .  2 0 0 1 .  G e o g r a p h i c  d i f f e r e n c e s  i n  p a r a l y t i c  s h e l l f i s h
p o i s o n i n g  t o x i n  p r o f i l e s  a m o n g  J a p a n e s e  p o p u l a t i o n s  o f  A l e x a n d r i u m  t a m a r e n s e
a n d  A .  c a t e n e l l a  ( D i n o p h y c e a e ) .  P h y c o l o g i c a l  R e s e a r c h .  4 9 :  1 3 - 2 1 .
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C h a p t e r  I V :  P a r a l y t i c  s h e l l f i s h  p o i s o n i n g  t o x i n s  i n  F r a n c e  l i n k e d  t o  a  h u m a n - i n t r o d u c e d
s t r a i n  o f  A l e x a n d r i u m  c a t e n e l l a  f r o m  t h e  W e s t e r n  P a c i f i c :  E v i d e n c e  f r o m  D N A  a n d  t o x i n
a n a l y s i s .
R e p r I n t e d  w i t h  p e r m i s s i o n  f r o m  t h e  J o u r n a l  o f  
P l a n k t o n  R e s e a r c h ,  2 0 0 2 :  2 4 ,  4 4 3 - 4 5 2 .
A B S T R A C T
I n  1 9 9 8 ,  t h e  t o x i n s  r e s p o n s i b l e  f o r  P a r a l y t i c  S h e l l f i s h  P o i s o n i n g  ( P S P )  w e r e  d e t e c t e d  i n
T h a u  L a g o o n ,  F r a n c e .  T h e  c a u s a t i v e  o r g a n i s m  w a s  i d e n t i f i e d  a s  A l e x a n d r i u m  t a m a r e n s e ,
a  m e m b e r  o f  
t h e  " t a m a r e n s i s "  s p e c i e s  c o m p l e x .  T h i s  d i n o f l a g e l l a t e  w a s  f i r s t  o b s e r v e d  i n
t h e  l a g o o n  i n  1 9 9 5  b y  a  m o n i t o n n g  p r o g r a m  f o l l o w i n g  m o r e  t h a n  a  d e c a d e  w i t h  n o
o b s e r v a t i o n s  o f  t h i s  s p e c i e s .  T h e  s p e c i e s  i s  t h u s  n e w  t o  t h o s e  w a t e r s ,  b u t  i t s  o r i g i n s  w e r e
u n k o w n .  I n  t h i s  p a p e r ,  m o r p h o l o g i c a l  a n d  m o l e c u l a r  d a t a  a r e  a n a l y z e d  f o r  t w o  c l o n a l
c u l t u r e s  e s t a b l i s h e d  f r o m  t h e  1 9 9 8  b l o o m .  T h e s e  d a t a  a r e  c o m p a r e d  t o  r e s u l t s  f r o m
A l e x a n d r i u m  i s o l a t e s  o r i g i n a t i n g  e l s e w h e r e  i n  t h e  w o r l d  t o  i n f e r  a n  o r i g i n .  T h e c a l  p l a t e
m o r p h o l o g y ,  R e s t r i c t i o n  F r a g m e n t  L e n g t h  P o l y m o r p h i s m  ( R F L P ) ,  D N A  s e q u e n c i n g  a n d
t o x i n  a n a l y s e s  d e m o n s t r a t e  t h a t  t h e  T h a u  L a g o o n  s t r a i n s  a r e  A .  c a t e n e l l a ,  a n d  a r e  c l o s e l y
r e l a t e d  t o  p o p u l a t i o n s  o f  A .  c a t e n e l l a  f o u n d  i n  t e m p e r a t e  A s i a ,  s p e c i f i c a l l y  t h e  J a p a n e s e
T e m p e r a t e  A s i a n  r i b o t y p e  o f  
t h e  t a m a r e n s e / c a t e n e l l a / f u n d y e n s e  s p e c i e s  c o m p l e x .  T h e y
s h o w  n o  h o m o l o g y  w i t h  s t r a i n s  f r o m  w e s t e r n  E u r o p e a n  w a t e r s ,  i n c l u d i n g  t h e
M e d i t e r r a n e a n .  U n t i l  n o w ,  t h e  J a p a n e s e  T e m p e r a t e  A s i a n  r i b o t y p e  h a s  n o t  b e e n  r e p o r t e d
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o u t s i d e  t h e  w e s t e r n  P a c i f i c .  T h e  m o s t  l i k e l y  s c e n a r i o  i s  t h a t  A .  c a t e n e l l a  w a s  i n t r o d u c e d
t o  T h a u  L a g o o n  v i a  t h e  b a l l a s t  w a t e r  o f  a  s h i p  d o c k e d  a t  S è t e ,  F r a n c e ,  a  s h i p p i n g  p o r t  i n
d i r e c t  c o m m u n i c a t i o n  w i t h  t h e  l a g o o n .  T h i s  c a s e  p r o v i d e s  a  c l e a r  e x a m p l e  o f  t h e
d i s p e r s a l  o f  a  t o x i c  A l e x a n d r i u m  s p e c i e s ,  p r o b a b l y  v i a  h u m a n  a c t i v i t i e s .
I N T R O D U C T I O N
I n  r e c e n t  y e a r s ,  i t  h a s  b e e n  s h o w n  t h a t  t h e  g e o g r a p h i c  r a n g e  o f  t h e  t o x i c  d i n o f l a g e l l a t e
A l e x a n d r i u m  h a s  b e e n  i n c r e a s i n g ,  a s  h a v e  t h e  n u m b e r s  o f  P a r a l y t i c  S h e l l f i s h  P o i s o n i n g
( P S P )  o u t b r e a k s  c a u s e d  b y  t h e  s a x i t o x i n s  A l e x a n d r i u m  s p e c i e s  p r o d u c e  ( H a l l e g r a e f f ,  G .
1 9 9 3 ,  S c h o l i n ,  e t  a i .  1 9 9 5 ) .  T h i s  e x p a n s i o n  p a r a l l e l s  t h e  a p p a r e n t  i n c r e a s e  i n  h a r m f u l
a l g a l  b l o o m s  ( H A B s )  t h a t  h a s  o c c u r r e d  w o r l d w i d e  o v e r  t h e  l a s t  s e v e r a l  d e c a d e s
( A n d e r s o n  1 9 8 9 ,  S m a y d a  1 9 9 0 ,  H a l l e g r a e f f ,  G .  1 9 9 3 ) .  A n d e r s o n  ( 1 9 8 9 )  l i s t e d  s e v e r a l
p o s s i b l e  r e a s o n s  f o r  t h e  a p p a r e n t  H A B  e x p a n s i o n ,  i n c l u d i n g :  1 )  n e w  t o x i c  p o p u l a t i o n s  a r e
i n t r o d u c e d  t o  p r e v i o u s l y  u n a f f e c t e d  a r e a s  b y  h u m a n  a c t i v i t i e s ,  s u c h  a s  t h r o u g h  t r a n s p o r t
i n  t h e  b a l l a s t  w a t e r  o f  s h i p s  o r  w i t h  s h e l l f i s h  s e e d  s t o c k ;  2 )  n e w  p o p u l a t i o n s  a r e
t r a n s p o r t e d  i n t o  p r e v i o u s l y  u n a f f e c t e d  a r e a s  t h r o u g h  n a t u a l  c u r r e n t  p a t t e r n s ,  w i t h  t h e
d e p o s i t i o n  o f  d o r m a n t  c y s t s  h e l p i n g  c y s t - f o r m i n g  s p e c i e s  t o  c o l o n i z e  t h o s e  w a t e r s ;  3 )
p o l l u t i o n  a n d  c o a s t a l  e u t r o p h i c a t i o n  p r o v i d e  n u t r i e n t s  t h a t  s t i m u l a t e  H A B  s p e c i e s  t o
f l o u r i s h  a n d  e m e r g e  f r o m  " h i d d e n  f l o r a "  s t a t u s ;  a n d  4 )  i n c r e a s e d  a w a r e n e s s  o f H A B
s p e c i e s ,  b e t t e r  c h e m i c a l  d e t e c t i o n  m e t h o d s ,  a n d  e x p a n d e d  m o n i t o r i n g  e f f o r t s  l e a d i n g  t o
t h e  d i s c o v e r y  o f  t o x i c  p o p u l a t i o n s  t h a t  h a v e  a l w a y s  b e e n  p r e s e n t .
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S e v e r a l  o f  t h e s e  m e c h a n i s m s  m a y  b e  i n v o l v e d  i n  t h e  s p r e a d  o f  A l e x a n d r i u m  s p e c i e s ,  b u t
i t  i s  d i f f i c u l t  t o  d e t e r m i n e  w h i c h  f a c t o r s  a r e  r e s p o n s i b l e  i n  a  g i v e n  c i r c u m s t a n c e .  I n  o r d e r
t o  s h o w  t h a t  a  p o p u l a t i o n  o f  A l e x a n d r i u m  w a s  r e c e n t l y  i n t r o d u c e d  t o  a n  a r e a  b y  h u m a n
a c t i v i t i e s ,  f o r  e x a m p l e ,  r e s e a r c h e r s  m u s t  f i r s t  p r o v e  t h a t  t h e  p o p u l a t i o n  i s  n e w  t o  t h a t
a r e a .  T h i s  i n  t u r n  r e q u i r e s  a  t h o r o u g h  d o c u m e n t a t i o n  o f  p h y t o p l a n k t o n  s p e c i e s
c o m p o s i t i o n  t h r o u g h  t i m e  i n  t h e  a r e a ,  w h i c h  o f t e n  d o e s  n o t  e x i s t .  T h i s  p r o b l e m  i s  f u r t h e r
c o m p l i c a t e d  b y  t h e  n e e d  t o  e n s u r e  t h a t  i n d i v i d u a l  s p e c i e s  o f  A l e x a n d r i u m  h a v e  b e e n
c o r r e c t l y  i d e n t i f i e d  i n  m o n i t o r i n g  p r o g r a m s  -  a  d i f f i c u l t  t a s k  g i v e n  t h e  m o r p h o l o g i c a l
s i m i l a r i t i e s  w i t h i n  t h e  g e n u s  ( B a l e c h  1 9 8 5 ) .  I t  m u s t  a l s o  b e  d e t e r m i n e d  t h a t  t h e  n e w
p o p u l a t i o n  c o u l d  n o t  h a v e  b e e n  i n t r o d u c e d  b y  n a t u r a l  c u r r e n t  p a t t e r n s ,  a n d  t h i s  r e q u i r e s
k n o w l e d g e  o f  t h e  A l e x a n d r i u m  p o p u l a t i o n s  i n  n e a r b y  w a t e r s  a s  w e l l  a s  o f  t h e  p o s s i b l e
h y d r o d y n a m i c  t r a n s p o r t  p a t h w a y s .
H e r e  w e  d e s c r i b e  a  u n i q u e  s i t u a t i o n  I I  w h i c h  a  l o n g - t e r m  p h y t o p l a n k t o n  m o n i t o r i n g
p r o g r a m  c l e a r l y  m a r k e d  t h e  a p p e a r a n c e  o f  a  n e w  s p e c i e s ,  i n i t i a l l y  c a l l e d  A l e x a n d r i u m
t a m a r e n s e ,  i n  T h a u  L a g o o n ,  F r a n c e  ( F i g u r e  1 ) .  T h e  p r o g r a m ,  R é s e a u  d e  S u r e i l l a n c e  d e
P h y t o p l a n c t o n  e t  d e s  P h y c o t o x i n e s  ( R E P H Y ) ,  s u r e y s  t h e  F r e n c h  c o a s t  a t  l e a s t  t w i c e  a
m o n t h ,  e n u m e r a t i n g  t h e  p h y t o p l a n k t o n  s p e c i e s  c o m p o s i t i o n .  R E P H Y  h a s  b e e n  i n
o p e r a t i o n  f o r  o v e r  1 5  y e a r s ,  a n d  t h u s  h a s  c o n s i d e r a b l e  e x p e r i e n c e  i n  t h e  i d e n t i f i c a t i o n  o f
H A B  s p e c i e s ,  i n c l u d i n g  
A l e x a n d r i u m  ( A b a d i e ,  e t  a i .  1 9 9 9 ) .  W i t h i n  T h a u  L a g o o n ,  t h e
p r o g r a m  h a s  m a n y  r e c o r d s  o f  A l e x a n d r i u m  m i n u t u m  t h r o u g h  t h e  y e a r s .  I n  1 9 9 5 ,  R E P H Y
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f i r s t  r e p o r t e d  c e l l s  o f  A l e x a n d r i u m  t a m a r e n s e ,  a  s p e c i e s  n e w  t o  t h e  l a g o o n  a n d  t o
s o u t h e r n  F r a n c e  ( A b a d i e ,  e t  a i .  1 9 9 9 ) .  S u b s e q u e n t l y ,  i n  1 9 9 8 ,  t h e  f i r s t  o u t b r e a k  o f  P S P
t o x i c i t y  r e s u l t i n g  f r o m  A .  t a m a r e n s e  w a s  r e p o r t e d .  B e c a u s e  o t h e r  s t r a i n s  o f  A .  t a m a r e n s e
p r e s e n t  i n  M e d i t e r r a n e a n  a n d  S p a n i s h  w a t e r s  a r e  n o t  t o x i n  p r o d u c i n g ,  h u m a n - a s s i s t e d
i n t r o d u c t i o n  o f  
t h i s  s t r a i n  w a s  s u s p e c t e d  ( A b a d i e ,  e t  a i .  1 9 9 9 ) .  H e r e  w e  u s e  a n a l y s i s  o f
t h e c a l  p l a t e  p a t t e r n s ,  t o x i n  c o m p o s i t i o n  a n d  l a r g e  s u b u n i t  r i b o s o m a l  D N A  ( L S U  r D N A )
s e q u e n c e  t o  d e m o n s t r a t e  t h a t  t h e  T h a u  L a g o o n  s t r a i n  i s  n o t  A .  t a m a r e n s e ,  b u t  i s  A .
c a t e n e l l a  a n d  w a s  r e c e n t l y  i n t r o d u c e d ,  p r o b a b l y  f r o m  t h e  w e s t e r n  P a c i f i c .
M E T H O D S
C u l t u r e s .  W a t e r  s a m p l e s  w e r e  c o l l e c t e d  f r o m  T h a u  L a g o o n  ( F i g u r e  1 )  d u r i n g  t h e  1 9 9 8
b l o o m  a n d  m a i l e d  t o  W o o d s  H o l e .  T w o  c u l t u r e s  ( d e s i g n a t e d  A l e x a n d r i u m  t a m a r e n s e
A  T T L O  1  a n d  A  T T L 0 2 )  w e r e  e s t a b l i s h e d  f r o m  t h e  b u l k  w a t e r  s a m p l e  v i a  s i i g l e  c e l l
i s o l a t i o n .  A  s e c o n d  s e r i e s  o f  i s o l a t i o n s  w a s  u s e d  t o  e n s u r e  t h e  c u l t u e s  w e r e  u n i a l g a l  a n d
c l o n a L .  B o t h  s t r a i n s  w e r e  g r o w n  i n  m o d i f i e d  f / 2  m e d i u m  ( G u i l a r d  a n d  R y t h e r  1 9 6 2 )
m a d e  w i t h  0 . 2  ¡ . M  f i t e r e d  V i n e y a r d  S o u n d  s e a w a t e r  ( s a l i n i t y  3 1 ) .  T h e  f / 2  m e d i u m  w a s
m o d i f i e d  b y  a d d i n g  N  a i S e 0 3  t o  1 0 - 8  M  a n d  d e c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  C u S 0 4 ' 5 H i O
t o  a  f i n a l  c o n c e n t r a t i o n  o f  1 0 - 8  M .  C u l t u e s  w e r e  g r o w n  a t  1 5 ° C  o n  a  1 4 : l O h  l i g h t : d a r k
c y c l e  ( c a .  2 0 0  ¡ . m o l  p h o t o n s ' m - i ' s e c - i  i r r a d i a n c e  p r o v i d e d  b y  c o o l  w h i t e  f l u o r e s c e n t
b u l b s ) .  C u l t u e s  u s e d  f o r  t o x i n  c o m p o s i t i o n ,  R F L P  a n d  D N A  s e q u e n c e  c o m p a r i s o n s  a r e
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s i m i l a r l y  m a i n t a i n e d  a s  p a r t  o f  t h e  A n d e r s o n  l a b o r a t o r y  c u l t u r e  c o l l e c t i o n .  F u r h e r
i n f o r m a t i o n  o n  t h e s e  c u l t u r e s  c a n  b e  o b t a i n e d  f r o m  t h e  a u t h o r s .
T a x o n o m y .  O n e  m l  a l i q u o t s  w e r e  t a k e n  f r o m  c u l t u e s  i n  t h e  e a r l y  e x p o n e n t i a l  p h a s e  o f
g r o w t h .  E a c h  s a m p l e  w a s  d i l u t e d  i :  5  w i t h  a u t o c l a v e d  d e i o n i z e d  d i s t i l e d  w a t e r  t o  f o r c e
e c d y s i s .  S a m p l e s  w e r e  t h e n  p r e s e r v e d  w i t h  5 %  f o r m a l i n .  T o  t h e s e  s a m p l e s ,  1  %  T r i t o n  X
( S i g m a  C h e m i c a l  C o . )  w a s  a d d e d  t o  a  f i n a l  c o n c e n t r a t i o n  o f  
0 . 1 % .  S a m p l e s  w e r e
c e n t r f u g e d  a n d  t h e  d e t e r g e n t  w a s  r e m o v e d  b y  a s p i r a t i o n  l e a v i n g  a  d r y  p e l l e t .  T h e  p e l l e t
w a s  r e s u s p e n d e d  i n  1  m l  2  i . m  f i l t e r e d  s e a w a t e r .  F i v e  i . l  o f  C a l c o f l u o r  W h i t e  ( S i g m a
C h e m i c a l  C o . )  w e r e  a d d e d  t o  t h e  s a m p l e ,  a n d  a l l o w e d  t o  s t a i n  f o r  1 0  m i n u t e s .  T h e
s a m p l e  w a s  a g a i n  c e n t r i f u g e d  a n d  a s p i r a t e d .  T h e  f i n a l  p e l l e t  w a s  r e s u s p e n d e d  i n  2 0 0 i . 1  o f
f i l t e r e d  s e a w a t e r  a n d  s t o r e d  a t  4 ° C  u n t i l  a n a l y s i s .  T h e c a l  p l a t e  s t r u c t u r e  w a s  e x a m i n e d  i n
t h e s e  s a m p l e s  u s i n g  a  Z e i s s  A x i o s c o p  e p i f l u o r e s c e n t  m i c r o s c o p e  w i t h  a  Z e i s s  G 3 6 5
e x c i t a t i o n  f i t e r  a n d  a  Z e i s s  l o n g  p a s s  4 2 0  e m i s s i o n  f i t e r .  I m a g e s  w e r e  c a p t u r e d  u s i n g  a
N i k o n  C o o l P i x  9 5 0  d i g i t a l  c a m e r a .
D N A  a n a l y s i s .
p e R  a m p l i f c a t i o n  o f L S U  r D N A .  P a r t i a l  L S U  r D N A s  w e r e  a m p l i f i e d  f r o m  t o t a l  c e l l u l a r
D N A  ( p u r i f i e d  w i t h  Q i a g e n  D N e a s y  k i t )  u s i n g  t h e  p o l y m e r a s e  c h a i n  r e a c t i o n  ( P C R ;
( S a i k i ,  e t  a l .  1 9 8 8 ) )  w i t h  t h e  D 1 R  a n d  D 2 C  p r i m e r s  a n d  1 - 5  n g  t e m p l a t e ,  a s  p r e v i o u s l y
d e s c r i b e d  ( S c h o l i n  a n d  A n d e r s o n  1 9 9 4 ) .  P r o d u c t s  w e r e  p u r i f i e d  i n  Q i a g e n  c o l u m n s  a n d
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s t o r e d  i n  d e i o n i z e d  d i s t i l e d  w a t e r  a t  - 2 0 ° C .  T h e  c o n c e n t r a t i o n  o f  p u r i f i e d  p r o d u c t s  w a s
d e t e r m i n e d  r e l a t i v e  t o  a  D N A  m a s s  m a r k e r  l a d d e r  ( L i f e  T e c h n o l o g i e s ,  L o w  D N A  M a s s
L a d d e r )
R e s t r i c t i o n  d i g e s t s .  A l l  r e s t r i c t i o n  d i g e s t s  f o l l o w e d  m a n u f a c t u r e r  r e c o m m e n d a t i o n s ,
u s i n g  t h e  b u f f e r s  a n d  b o v i n e  s e r u m  a l b u m i n  e x t r a c t  s u p p l i e d  w i t h  t h e  e n z y m e s  N s p  I ,
M s e  I ,  a n d A p a  L I  ( N e w  E n g l a n d  B 1 0 1 a b s ) .  R e a c t i o n s  p r o c e e d e d  a t  3 7 ° C  f o r  1 8 - 2 4  h o u r s
t o  e n s u r e  c o m p l e t e  d i g e s t i o n .  P r o d u c t s  w e r e  s t o r e d  a t  - 2 0 ° e .
G e l  e l e c t r o p h o r e s i s .  P r o d u c t s  w e r e  r e s o l v e d  o n  a  3 %  a g a r o s e  g e l ,  a s  p r e v i o u s l y
d e s c r i b e d  ( S c h o l i n  a n d  A n d e r s o n  1 9 9 6 ) .  G e l s  w e r e  p h o t o g r a p h e d  u s i n g  a n  M P - 4  c a m e r a
s y s t e m  a n d  6 6 7  p r i n t  f i l m  o r  t h e  C h e m i l m a g e r  d i g i t a l  p i c t u r e  s y s t e m .  S i z e s  o f  p r o d u c t s
w e r e  e s t i m a t e d  i n  c o m p a r i s o n  t o  m o b i l i t y  s i z e  s t a n d a r d s  ( B i o M a r k e r  L o w ,  B i o v e n t u r e s ,
I n c . ) .
D N A  s e q u e n c i n g .  T w e n t y  n g  p u r i f i e d  P C R  p r o d u c t s  w e r e  a d d e d  t o  1 . 5  i . M  o f  e i t h e r  t h e
D 1 R  o r  D 2 C  p r i m e r ,  d e p e n d i n g  u p o n  t h e  d e s i r e d  d i r e c t i o n  o f  
t h e  r e a d ,  t h e  m a n u f a c t u r e r
r e c o m m e n d e d  s e q u e n c i n g  b u f f e r ,  a n d  B i g D y e  f l o r e s c e n t  s e q u e n c i n g  m i x  ( A B I ) .
V o l u m e s  w e r e  b r o u g h t  t o  1 0  i . l  w i t h  d e i o n i z e d  d i s t i l e d  w a t e r .  R e a c t i o n s  w e r e  t o p p e d
w i t h  1 5  i . l  m i n e r a l  o i l  t o  p r e v e n t  e v a p o r a t i o n ,  t h e n  r u n  i n  a  4 8 0 0  s e r i e s  P e r k i n  E l m e r
t h e r m o  
c y c l e r  f o r  3 0  c y c l e s  o f  9 6 ° C  f o r  3 0  s e c ;  5 0 ° C  f o r  1 5  s e c ;  6 0 ° C  f o r  4  m i n ,  w i t h  a
f i n a l  h o l d  a t  4 ° e .  R e a c t i o n s  w e r e  p u r f i e d  i n  S e p h a d e x  c o l u m n s  ( S i g m a  C h e m i c a l  C o . )
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t h e n  v a c u u m  d r i e d  a n d  s t o r e d  a t  - 2 0 ° C .  R e a c t i o n s  w e r e  l a t e r  r e s u s p e n d e d  i n  2  i . l  D N A
l o a d i n g  d y e  a n d  r u n  i n  a n  A B I  a u t o m a t i c  s e q u e n c e r  o n  5 %  L o n g  R a n g e r  a c r y l a m i d e  g e l s
( B i o W h i t t a k e r  M o l e c u l a r  A p p l i c a t i o n s ) .  S e q u e n c e s  w e r e  c o n f i r m e d  u s i n g  i n t e r n a l
p r i m e r s  d e s i g n e d  f r o m  t h e  o r i g i n a l  s e q u e n c e .
D N A  s e q u e n c e  a n a l y s i s  E l e c t r o p h e r o g r a m s  w e r e  e x a m i n e d  u s i n g  A B I  S e q u e n c i n g
A n a l y s i s  3 . 3  a n d  A B I  A u t o A s s e m b l e r  2 . 1  S e q u e n c e s  w e r e  a l i g n e d  w i t h  e x i s t i n g
A l e x a n d r i u m  s e q u e n c e s  u s i n g  C l u s t a l X  1 . 6 4 b  ( G i b s o n ,  e t  a i .  1 9 9 4 ) .  M a x i m u m  l i k e l i h o o d
a n a l y s e s  w e r e  c a r r e d  o u t  u s i n g  P  A U P  4 . 0 b 4 a  ( S w o f f o r d  2 0 0 1 ) .
T o x i c i t y  a n a l y s i s :
A  1 5  m l  s a m p l e  o f  e a c h  c u l t u e  w a s  h a r v e s t e d  a t  m i d - e x p o n e n t i a l  g r o w t h  p h a s e  ( 1 0 7  t o
1 0 8  c e l l s  p e r  l i t e r ) ,  a n d  s u b j e c t e d  t o  g e n t l e  c e n t r i f u g a t i o n  ( 3 0 0 0 x g ) .  T h e  r e s u l t a n t  p e l l e t
w a s  r e s u s p e n d e d  i n  0 . 5  M  a c e t i c  a c i d  a n d  e x t r a c t e d  b y  s o n i f i c a t i o n .  T h e  e x t r a c t s  w e r e
s t o r e d  a t  - 2 0 ° C  u n t i l  a n a l y s i s  b y  H P L C .  T h e  m e t h o d  o f  O s h i m a  e t  a l .  ( O s h i m a ,  e t  a i .
1 9 8 9 )  w a s  u s e d  w i t h  m o d i f i c a t i o n s  a s  d e s c r i b e d  b y  A n d e r s o n  e t  a l .  ( A n d e r s o n ,  e t  a i .
1 9 9 4 ) .
R E S U L T S
T a x o n o m y .  A T T L 0 1  a n d  A T T L 0 2  w e r e  i d e n t i f i e d  v i a  t h e c a l  p l a t e  m o r p h o l o g y  a s
A l e x a n d r i u m  c a t e n e l l a .  A l e x a n d r i u m  c a t e n e l l a  i s  e a s i l y  d i s t i n g u i s h e d  f r o m  A l e x a n d r i u m
1 3 3
m i n u t u m  o n  t h e  b a s i s  o f  s i z e  a n d  p l a t e  s t r u c t u r e ,  a n d  f r o m  A .  t a m a r e n s e  o n  t h e  b a s i s  o f
s h a p e ,  p l a t e  s t r u c t u e  a n d  c h a i n  l e n g t h  ( B a l e c h  1 9 9 5 ) .  M o s t  n o t a b l e  i n  A .  c a t e n e l l a  i s  t h e
p r e s e n c e  o f  a  l a r g e  c o n c a t e n a t i o n  p o r e  i n  t h e  p o s t e r i o r  s u c a l  ( S . p . )  p l a t e  t h a t  i s  l i n k e d  t o
t h e  v e n t r a l  r i g h t  m a r g i n  ( F i g u r e  2 ,  l e f t ) .  A d d i t i o n a l l y ,  c e l l s  f r o m  t h e  t w o  c u l t u r e s  f o r m e d
c h a i n s  o f  u p  t o  8  c e l l s ,  a  t r a i t  c o m m o n l y  f o u n d  i n  A .  c a t e n e l l a  a n d  r a r e l y  o b s e r v e d  i n  A .
t a m a r e n s e  ( F i g u r e  2 ,  r i g h t ) .
R e s t r i c t i o n  F r a g m e n t  L e n g t h  P o l y m o r p h i s m .  T h e  R F L P  p a t t e r n  d i s p l a y e d  b y  A  T T L O  1
a n d  A  T T L 0 2  a f t e r  d i g e s t i o n  w i t h  t h r e e  r e s t n c t i o n  e n z y m e s  w a s  e q u i v a l e n t  t o  t h e
J a p a n e s e  T e m p e r a t e  A s i a n  r i b o t y p e  o f  
t h e  t a m a r e n s e / c a t e n e l l a / f u n d y e n s e  s p e c i e s
c o m p l e x  a s  d e f i n e d  b y  S c h o l i n  a n d  A n d e r s o n  ( 1 9 9 6 ) .  T h i s  p a t t e r n  i s  s i m i l a r  t o  t h e
K o r e a n  T e m p e r a t e  A s i a n  r i b o t y p e ,  b u t  i s  q u i t e  d i s t i n c t  f r o m  t h e  p a t t e r n s  d i s p l a y e d  b y
A l e x a n d r i u m  s t r a i n s  f r o m  t h e  M e d i t e r r a n e a n ,  w e s t e r n  E u r o p e  o r  o t h e r  a r e a s  o f  t h e  g l o b e .
F i g u r e  3  s h o w s  t h e  R F L P  p a t t e r n s  g e n e r a t e d  b y  s t r a i n  A T T L 0 1  a n d  A T T L 0 2  i n
c o m p a r i s o n  w i t h  s t r a i n s  f r o m  J a p a n  ( J a p a n e s e  T e m p e r a t e  A s i a n  r i b o t y p e ) ,  t h e
M e d i t e r r a n e a n  ( n o v e l  r i b o t y p e ) ,  E n g l a n d  ( W e s t e r n  E u r o p e a n  r i b o t y p e )  a n d  S c o t l a n d
( E a s t e r n  N o r t h  A m e r i c a n  r i b o t y p e ) .
D N A  s e q u e n c e  a n a l y s i s .  T h e  D N A  s e q u e n c e s  o f  
t h e  D 1 - D 2  d o m a i n s  o f  A T T L O I  a n d
A  T T L 0 2  L S U  r D N A  w e r e  i d e n t i c a L .  T h i s  s e q u e n c e  w a s  c o m p a r e d  t o  p u b l i s h e d
s e q u e n c e s  o f  t h e  s a m e  d o m a i n s  f r o m  o t h e r  A l e x a n d r i u m  s p e c i e s  a n d  s t r a i n s  a n d  f o u n d  t o
b e  m o s t  s i m i l a r  t o  O F 1 0 1 ,  A .  c a t e n e l l a ,  a  m e m b e r  o f  
t h e  J a p a n e s e  T e m p e r a t e  A s i a n
1 3 4
r i b o t y e  ( S c h o l i n ,  e t  a i .  1 9 9 4 ) .  T h e r e  w e r e  o n l y  t w o  b a s e  p a i r  d i f f e r e n c e s  f r o m  t h e
O F 1 0 1  s e q u e n c e  o v e r  t h e  e n t i r e  r e g i o n  o f 7 0 9  b p  ( F i g u r e  4 ) .  F u r h e r ,  b o t h  o f  
t h e s e
d i f f e r e n c e s  o c c u r  i n  l o c a t i o n s  w h e r e  p o l y m o r p h i s m  w a s  s e e n  i n  t h e  J a p a n e s e  T e m p e r a t e
A s i a n  r i b o t y p e .  W h e n  t h e  A  T T L O  1  s e q u e n c e  i s  i n s e r t e d  i n t o  a  p h y l o g e n e t i c  t r e e  o f
p r e v i o u s l y  p u b l i s h e d  A l e x a n d r i u m  s e q u e n c e s  a n d  r e c e n t l y  g e n e r a t e d  s e q u e n c e s  ( L i l l y ;
u n p u b l i s h e d  d a t a ) ,  i t  g r o u p s  w i t h i n  t h e  T e m p e r a t e  A s i a n  c l u s t e r  ( F i g u r e  5 ) .
T o x i n  a n a l y s i s .  H P L C  t o x i n  a n a l y s e s  i n d i c a t e  t h a t  t h e  A  T T L  s t r a i n s ,  l i k e  t h e  b l o o m  o f
1 9 9 8 ,  a r e  t o x i c .  T o x i n  c o n t e n t ,  e x p r e s s e d  a s  f g  S T X  e q u i v a l e n t s / c e l l ,  w a s  h i g h e r  i n
A T T L 0 1 ,  a t  4 4 . 3  f g  S T X  e q u i v a l e n t s / c e l l ,  t h a n  i n  A T T L 0 2 ,  a t  o n l y  5 . 3  f g  S T X
e q u i v a l e n t s / c e l L .  T h e  a m o u n t  o f  
t o x i n  c o n t a i n e d  i n  t h e  J a p a n e s e  s t r a i n  w a s  a n
i n t e r m e d i a t e  v a l u e ,  2 2 . 6  f g  S T X  e q u i v a l e n t s / c e l l ,  w h i l e  t h e  S c o t t i s h  s t r a i n  c o n t a i n e d
s u b s t a n t i a l l y  m o r e  t o x i n ,  w i t h  1 2 7 . 4  f g  S T X  e q u i v a l e n t s / c e l l  ( F i g u r e  6 ) .  N e i t h e r  t h e
M e d i t e r r a n e a n  n o r  E n g l i s h  s t r a i n s  c o n t a i n e d  a n y  t o x i n s .
T o x i n  c o m p o s i t i o n  w a s  m o s t  s i m i l a r  b e t w e e n  t h e  T h a u  l a g o o n  s t r a i n s  a n d  t h e  J a p a n e s e
s t r a i n  ( F i g u r e  7 ) .  W h i l e  t h e  a m o u n t s  o f  e a c h  t o x i n  c o n g e n e r  v a r i e d ,  t h e  n u m b e r  a n d  t y p e
o f  c o n g e n e r s  p r e s e n t  w a s  t h e  s a m e  f o r  t h e s e  t h r e e  i s o l a t e s .  T h e  S c o t t i s h  s t r a i n  c o n t a i n e d
t h r e e  c o n g e n e r s  n o t  p r e s e n t  i n  t h e  o t h e r  s t r a i n s  b e i n g  c o m p a r e d ,  ( d c G T X 3 ,  n e o s a x i t o x i n
a n d  s a x i t o x i n ) ,  a n d  w a s  l a c k i n g  G T X  5 ,  w h i c h  w a s  p r e s e n t  i n  t h e  t w o  T h a u  l a g o o n  s t r a i n s
a n d  t h e  J a p a n e s e  s t r a i n .
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D I S C U S S I O N
T h e  r e c e n t  a p p e a r a n c e  o f  A l e x a n d r i u m  c a t e n e l l a  i n  T h a u  L a g o o n ,  F r a n c e  a n d  t h e
s u b s e q u e n t  d e v e l o p m e n t  o f  P S P  t o x i c i t y  f r o m  t h a t  s p e c i e s  c a n  n o w  b e  v i e w e d  a s  t h e
r e s u l t s  o f  a  r e c e n t  i n t r o d u c t i o n  e v e n t .  S u p p o r t  f o r  t h i s  c l a i m  c o m e s  f r o m  l o n g - t e r m
p h y t o p l a n k t o n  m o n i t o r i n g  d a t a  a n d  f r o m  a n a l y s e s  o f  L S U  r D N A  s e q u e n c e s ,  R F L P
p a t t e r n s ,  a n d  t o x i n  c o m p o s i t i o n ,  a s  r e p o r t e d  h e r e .  T a k e n  t o g e t h e r ,  t h e  e v i d e n c e  s u g g e s t s
t h a t  T h a u  L a g o o n  A .  c a t e n e l l a  o r i g i n a t e d  t h e  w e s t e r n  P a c i f i c  a n d  w a s  i n t r o d u c e d  t o  t h e
M e d i t e r r a n e a n  b y  b a l l a s t  w a t e r  t r a n s p o r t  a n d  d i s c h a r g e .
T a x o n o m i c  a n a l y s e s  o f  o u r  t w o  T h a u  L a g o o n  i s o l a t e s  i n d i c a t e  t h a t  t h e y  c a n  b e  p l a c e d  i n
t h e  m o r p h o  
s p e c i e s  A .  c a t e n e l l a ,  T h i s  c o n t r a d i c t s  t h e  o r i g i n a l  s p e c i e s  i d e n t i f i c a t i o n  o f  A .
t a m a r e n s e  g i v e n  b y  A b a d i e  e t  a l .  ( 1 9 9 9 ) .  D u r i n g  t h e  1 9 9 8  b l o o m ,  t h e r e  w a s  a n
o b s e r v a t i o n  o f  t h e c a l  p l a t e s  f r o m  a  s i n g l e  f i e l d  s p e c i m e n  t h a t  r e v e a l e d  a  v e n t r a l  p o r e
b e t w e e n  p l a t e s  l '  a n d  4 ' ,  a  t r a i t  i n d i c a t i v e  o f  A .  t a m a r e n s e .  H o w e v e r ,  c h a i n s  o f  4  t o  8
c e l l s  w e r e  a l s o  o b s e r v e d  i n  f i e l d  s a m p l e s  a n d  i n  o t h e r  c u l t u r e s  d e r i v e d  f r o m  t h a t  b l o o m
m a t e r i a l  ( P . G e n t i e n ,  p e r s o n a l  o b s e r v a t i o n ) .  E i g h t  c e l l  c h a i n s  a r e  n o t  p r o d u c e d  b y  A .
t a m a r e n s e ,  b u t  d o  o c c u r  w i t h  A .  c a t e n e l l a .  G i v e n  t h i s  i n f o r m a t i o n ,  w e  b e l i e v e  t h e
b l o o m s  o b s e r v e d  i n  t h e  T h a u  l a g o o n  i n  1 9 9 5  a n d  i n  1 9 9 8  a l s o  c o n t a i n e d  A .  c a t e n e l l a .
H o w e v e r ,  A .  c a t e n e l l a  a n d  A .  t a m a r e n s e  a r e  b o t h  e a s i l y  d i s t i n g u i s h e d  f r o m  A .  m i n u t u m ,
b e i n g  s i g n i f i c a n t l y  l a r g e r  a n d  d i f f e r i n g  i n  g e n e r a l  s h a p e  ( B a l e c h  1 9 9 5 ) .  A d d i t i o n a l l y ,
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R E P H Y  h a s  c o n s i d e r a b l e  e x p e r i e n c e  w i t h  A l e x a n d r i u m  s p e c i e s ,  s i n c e  A .  t a m a r e n s e  a n d
A .  m i n u t u m  o c c u r  e l s e w h e r e  i n  F r a n c e ,  a n d  A .  m i n u t u m  h a d  b e e n  o b s e r v e d  w i t h i n  T h a u
L a g o o n  f o r  m a n y  y e a r s  ( A b a d i e  e t  a I . ,  1 9 9 9 ) .  T h u s ,  i t  s e e m s  u n l i k e l y  t h a t  
A .  c a t e n e l l a
w a s  m i s i d e n t i f i e d  a s  A .  m i n u t u m  i n  m o n i t o r i n g  s a m p l e s  c o l l e c t e d  p r i o r  t o  1 9 9 5 .  I t  i s ,  o f
c o u r s e ,  p o s s i b l e  t h a t  A .  c a t e n e l l a  w a s  p r e s e n t  i n  T h a u  l a g o o n  f o r  m a n y  y e a r s ,  b u t  w a s
n e v e r  n o t i c e d  d u e  t o  l o w  c e l l  a b u n d a n c e .  G i v e n  t h e  o b v i o u s  d i f f i c u l t y  o f  p r o v i n g  a
n e g a t i v e ,  ( i . e . ,  t h a t  A .  c a t e n e l l a  w a s  n o t  p r e s e n t  p r i o r  t o  1 9 9 5 ) ,  t h e  l o n g - t e r m  m o n i t o r i n g
d a t a  c a n  o n l y  b e  c o n s i d e r e d  s u g g e s t i v e  o f ,  b u t  n o t  c o n c l u s i v e  p r o o f  o f  a  s p e c i e s
i n t r o d u c t i o n .
R F L P  a n d  s e q u e n c e  a n a l y s i s  d a t a  b o t h  s h o w  t h a t  o u r  t w o  A  T T L  s t r a i n s  c a n  b e  c l a s s i f i e d
w i t h i n  t h e  t a m a r e n s i s  c o m p l e x  a s  t h e  T e m p e r a t e  A s i a n  r i b o t y e ,  a s  d e f i n e d  b y  S c h o l i n  e t
a I . ,  ( 1 9 9 4 )  a n d  S c h o l i n  a n d  A n d e r s o n  ( 1 9 9 6 ) .  T h e  R F L P  p a t t e r n s  w e r e  i d e n t i c a l ,  a n d  t h e
s e q u e n c e s  o f L S U  r D N A  d i f f e r e d  b y  o n l y  t w o  o u t  o f 7 0 9  t o t a l  b a s e s  f r o m  a n o t h e r
m e m b e r  o f  
t h e  c l a d e  ( F i g u r e  3 ) .  T h i s  r i b o t y p e  i s  k n o w n  t o  o c c u r  i n  J a p a n ,  a n d  t o  h a v e
b e e n  r e c e n t l y  e s t a b l i s h e d  i n  A u s t r a l i a  ( S c h o l i n ,  e t  a l .  1 9 9 5 ) ,  b u t  h a s  n e v e r  b e e n  r e p o r t e d
o u t s i d e  t h e  w e s t e r n  P a c i f i c ,  F u r t h e r ,  t h e  A  T T L  s t r a i n s  s h o w  n o  s e q u e n c e  h o m o l o g y  t o
s t r a i n s  o f  A .  t a m a r e n s e  f r o m  o t h e r  A t l a n t i c  a n d  M e d i t e r r a n e a n  l o c a t i o n s  ( F i g u r e  4 ) .
A p p a r e n t  p h y l o g e n e t i c  s i m i l a r i t y  i s  s u g g e s t e d  i n  t h e  t r e e  g i v e n  i n  F i g u e  4 ,  i n  w h i c h
s t r a i n  A T T L O I  c l u s t e r s  w i t h i n  t h e  T e m p e r a t e  A s i a n  r i b o t y p e .
T o x i n  c o m p o s i t i o n  h a s  b e e n  s h o w n  t o  b e  a  s t a b l e  g e n e t i c  c h a r a c t e r  o f  v a l u e  i n  s t r a i n
c o m p a r i s o n s  i f  c e l l s  a r e  g r o w n  u n d e r  s i m i l a r  c o n d i t i o n s  e . g .  ( C e m b e l l a ,  e t  a l .  1 9 8 7 ,
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A n d e r s o n ,  e t  a l .  1 9 9 4 ) .  T h e s e  d a t a  h a v e  s h o w n  a  f a i r  d e g r e e  o f  
u n i f o r m i t y  w i t h i n  r e g i o n s ,
w i t h  r e g i o n a l  p o p u l a t i o n s  o f t e n  r e s o l v i n g  i n t o  s e v e r a l  d i s t i n c t  t o x i n  t y p e s  ( e . g . ,  A n d e r s o n
e t  a I . ,  1 9 9 4 ) .  T h e  g l o b a l  d a t a b a s e  o f  
t o x i n  c o m p o s i t i o n  p r o f i l e s  i n  n o t  a s  e x t e n s i v e  a s  t h a t
f o r  r D N A  s e q u e n c e s ,  b u t  m a y  n e v e r t h e l e s s  p r o v e  u s e f u l  i n  s t r a i n  c o m p a r i s o n s .  H P L C
t o x i n  a n a l y s e s  o f  o u r  A  T T L  s t r a i n s  i n d i c a t e  t h a t  t h e s e  s t r a i n s ,  l i k e  t h e  b l o o m  o f  1 9 9 8 ,  a r e
t o x i c .  T h e  A .  c a t e n e l l a  s t r a i n  f r o m  t e m p e r a t e  A s i a  t h a t  w a s  a n a l y z e d  i s  a l s o  t o x i c ,  w h i l e
t h e  s t r a i n s  f r o m  I t a l y  a n d  E n g l a n d  a r e  n o t .  T h e  S c o t t i s h  s t r a i n  i s  t o x i c ,  b u t  d i f f e r s
s i g n i f i c a n t l y  i n  t o x i n  c o m p o s i t i o n  f r o m  t h e  p r o f i l e s  d i s p l a y e d  b y  t h e  A  T T L  s t r a i n s .  T h e
l a t t e r  a r e  m o r e  s i m i l a r  t o  t h o s e  d i s p l a y e d  b y  t h e  J a p a n e s e  s t r a i n s  t h a n  t h e  S c o t t i s h .  T h i s
i s  d u e  t o  t h e  p r e s e n c e  o f  d c G T X 3 ,  n e o s a x i t o x i n  a n d  s a x i t o x i n  i n  t h e  S c o t t i s h  s t r a i n ,
w h i c h  a r e  l a c k i n g  i n  t h e  T h a u  a n d  J a p a n e s e  s t r a i n s .  A d d i t i o n a l l y ,  t h e  S c o t t i s h  s t r a i n
l a c k s  G T X  5 ,  w h i l e  b o t h  t h e  T h a u  l a g o o n  s t r a i n s  a n d  t h e  J a p a n e s e  s t r a i n  p o s s e s s  t h i s
t o x i n  ( F i g .  7 ) .  T o g e t h e r ,  t h e s e  t o x i c i t y  r e s u l t s  s u g g e s t  t h a t  b o t h  T h a u  L a g o o n  s t r a i n s  a r e
m o r e  c l o s e l y  r e l a t e d  t o  A .  c a t e n e l l a  p o p u l a t i o n s  f r o m  T e m p e r a t e  A s i a  t h a n  t h e y  a r e  t o  A .
t a m a r e n s e  p o p u l a t i o n s  i n  E u r o p e a n  w a t e r s .
O v e r a l l ,  t h e  g e n e t i c  a n d  t o x i c i t y  r e s u l t s  s u g g e s t  t h a t  t h e  A l e x a n d r i u m  c a t e n e l l a
p o p u l a t i o n  i n  T h a u  l a g o o n  w a s  i n t r o d u c e d  r e c e n t l y  f r o m  A s i a n  w a t e r s .  W h i l e  i t  m a y  b e
p o s s i b l e  f o r  n a t u r a l  c u r r e n t  p a t t e r n s  t o  h a v e  i n t r o d u c e d  a  p o p u l a t i o n  o f  A .  t a m a r e n s e  t o
t h e  T h a u  L a g o o n  f r o m  n e i g h b o r i n g  w a t e r s ,  t h e r e  a r e  n o  n a t u r a l  m e c h a n i s m s  f o r  d i s p e r s a l
o f  t h i s  p l a n k t o n i c  o r g a n i s m  f r o m  A s i a  t o  F r a n c e .  A  m u c h  m o r e  l i k e l y  i n t r o d u c t i o n
s c e n a r i o  i s  v i a  c y s t s  i n  b a l l a s t  w a t e r  o f  c o m m e r c i a l  v e s s e l s .  A l e x a n d r i u m  f o r m s  c y s t s  a s
1 3 8
p a r t  o f  i t s  l i f e  h i s t o r y  ( A n d e r s o n  a n d  W a l l  1 9 7 8 ) ,  a n d  t h e s e  c a n  b e  f o u n d  w i t h i n  t h e
b a l l a s t  w a t e r  o f  v e s s e l s  a n d  a r e  v i a b l e  f o r  l o n g  p e r i o d s  o f  t r a n s i t  ( H a l l e g r a e f f ,  G . M .  a n d
B o l c h  1 9 9 1 ) .  T h e  T h a u  L a g o o n  i s  i n  d i r e c t  h y d r o g r a p h i c  c o m m u n i c a t i o n  w i t h  t h e
s h i p p i n g  p o r t  o f  S è t e ,  F r a n c e  ( A b a d i e ,  e t  a l .  1 9 9 9 ) .  W e  b e l i e v e  t h a t  a  s h i p  d o c k e d  a t  S è t e
r e l e a s e d  b a l l a s t  w a t e r  c o n t a i n i n g  A .  c a t e n e l l a  c y s t s  t h a t  o r i g i n a t e d  f r o m  e i t h e r  J a p a n e s e
o r  A u s t r a l i a n  w a t e r s .
W h i l e  w e  a r e  a b l e  t o  h y p o t h e s i z e  t h a t  t h e  p o p u l a t i o n s  o f  A l e x a n d r i u m  c a t e n e l l a  i n  t h e
T h a u  L a g o o n  w a s  i n t r o d u c e d  f r o m  t h e  w e s t e r n  P a c i f i c ,  w e  a r e  n o t  a b l e  t o  p u t  a  d a t e  o n
t h i s  i n t r o d u c t i o n .  A  s e a r c h  o f  t h e  S è t e  p o r t  r e c o r d s  i n d i c a t e s  t h a t  n o  v e s s e l s  a r r i v e d  i n
S è t e  d i r e c t l y  f r o m  e a s t e r n  A s i a  b e t w e e n  1 9 9 0  a n d  1 9 9 5 ,  w h e n  t h e  p o p u l a t i o n  o f  A
c a t e n e l l a  w a s  f i r s t  n o t i c e d  ( E .  A b a d i e ,  p e r s o n a l  c o m m u n i c a t i o n ) .  T h e r e  a r e  s e v e r a l
p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  d i s c r e p a n c y .
F i r s t ,  i t  i s  p o s s i b l e  t h a t  t h e  i n t r o d u c t i o n  t o o k  p l a c e  p r i o r  t o  1 9 9 0 .  I f  t h e  i n i t i a l  p o p u l a t i o n
w a s  s m a l l ,  i t  m a y  h a v e  t a k e n  y e a r s  t o  g r o w  t o  a  s i z e  s u b s t a n t i a l  e n o u g h  t o  b e  d i s c o v e r e d
b y  t h e  m o n i t o r i n g  s c i e n t i s t s .  R a d i o n u c l e o t i d e  d a t a  t a k e n  f r o m  c y s t s  o f  G y m n o d i n i u m
c a t e n a t u m  i n  T a s m a n i a  i n d i c a t e  t h a t  t h i s  i n t r o d u c e d  s p e c i e s  w a s  p r e s e n t  i n  T a s m a n i a n
w a t e r  f o r  a p p r o x i m a t e l y  e i g h t  y e a r s  b e f o r e  i t  w a s  d e t e c t e d  i n  t h e  w a t e r  c o l u m n  ( M c M i n n ,
e t  a i .  1 9 9 7 ) .  I t  i s  p o s s i b l e  t h a t  a  s i m i l a r  d e l a y  e x i s t e d  i n  t h i s  c a s e .  U n f o r t u n a t e l y ,
s h i p p i n g  r e c o r d s  p r i o r  t o  1 9 9 0  w e r e  n o t  a v a i l a b l e  t o  s u p p o r t  t h i s  h y p o t h e s i s .  S e c o n d ,  t h e
S è t e  r e c o r d s  i n d i c a t e  o n l y  t h e  l a s t  p o r t  o f  c a l l  f o r  e a c h  v e s s e L .  B e c a u s e  s h i p s  o n l y
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d i s c h a r g e  t h e  a m o u n t  o f  b a l l a s t  c o m p a r a b l e  t o  t h e  c a r g o  t h e y  e x p e c t  t o  t a k e  o n ,  t h e  b a l l a s t
w a t e r  o f  a  s h i p  m a y  c o n t a i n  w a t e r  a n d  o r g a n i s m s  f r o m  s e v e r a l  r e c e n t  p o r t s .  T h u s ,  a
v e s s e l  c o u l d  h a v e  a r r i v e d  i n  S è t e  w i t h  b a l l a s t  w a t e r  f r o m  e a s t e r n  A s i a ,  y e t  b e  r e c o r d e d  a s
c o m i n g  f r o m  a n o t h e r  l o c a t i o n .  T h i r d l y ,  t h e  i n t r o d u c t i o n  m a y  h a v e  t a k e n  p l a c e  v i a
a n o t h e r  m e c h a n i s m .  F o r  e x a m p l e ,  a l g a e  c a n  a l s o  b e  t r a n s p o r t e d  w i t h  s e e d  s t o c k  f o r
s h e l l f i s h  f a r m s .  W h i l e  t r a n s p o r t  o f  t h i s  s o r t  i s  i l l e g a l  i n  F r a n c e ,  t h e  p o s s i b i l i t y  o f  a n  i l i c i t
t r a n s f e r  c o n t a i n i n g  A l e x a n d r i u m  c a t e n e l l a  f r o m  t h e  w e s t e r n  P a c i f i c  w a t e r s  c a n n o t  b e
r u l e d  o u t .
R e g a r d l e s s  o f  
t h e  e x a c t  t i m i n g  o r  m e c h a n i s m  o f  
t r a n s f e r ,  A .  c a t e n e l l a  s e e m s  t o  h a v e
t h r i v e d  i n  i t s  n e w  e n v i r o n m e n t .  T h e  p o p u l a t i o n  w a s  a b l e  t o  a c c u m u l a t e  t o  n u m b e r s
s u f f c i e n t  t o  p r o d u c e  t o x i c i t y .  T h i s  s u g g e s t s  t h a t  n e w  c y s t s  w i l  h a v e  f o r m e d ,  a n d  t h a t
t h e  c o l o n i z a t i o n  o f  t h e  s p e c i e s  w i l l  h a v e  b e e n  s u s t a i n e d  a n d  p e r h a p s  s t r e n g t h e n e d .  I t  t h u s
s e e m s  l i k e l y  t h a t  t o x i c i t y  f r o m  A .  c a t e n e l l a  w i l l  r e c u r  o n  a n  a n n u a l  b a s i s  i n  T h a u  L a g o o n ,
i n t e r s p e r s e d  w i t h  A .  m i n u t u m ,  a n d  p o s s i b l y  A .  t a m a r e n s e ,  b l o o m s .  I t  i s  a l s o  p o s s i b l e  t h a t
A .  c a t e n e l l a  w i l  e s c a p e  f r o m  T h a u  L a g o o n ,  a n d  c a u s e  P S P  i n  o t h e r  l o c a l e s .  I n  f a c t ,  i t
m a y  h a v e  a l r e a d y  d o n e  s o ,  a s  t h e r e  h a s  b e e n  a  r e c e n t  r e p o r t  o f  A l e x a n d r i u m  c a t e n e l l a  o n
t h e  C a t a l a n  c o a s t  o f  S p a i n  ( V i l a ,  e t  a i .  2 0 0 1 ) .
I n  t h i s  c a s e ,  i t  i s  t o o  l a t e  t o  s t o p  s u c h  a  d a n g e r o u s  s p e c i e s  i n t r o d u c t i o n ,  b u t  t h e s e  d a t a
a r g u e  t h a t  t h e r e  i s  a  g o o d  j u s t i f i c a t i o n  f o r  b a l l a s t  w a t e r  r e g u l a t i o n s  d e s i g n e d  t o  r e m o v e
p h y t o p l a n k t o n  a n d  t h e i r  r e s t i n g  s t a g e s  f r o m  b a l l a s t  t a n k s .
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A C K N O W L E D G M E N T S
T h i s  w o r k  w a s  s u p p o r t e d  b y  g r a n t s  f r o m  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  ( O C E -
9 4 1 5 5 3 6 )  a n d  a  g r a d u a t e  r e s e a r c h  f e l l o w s h i p  f r o m  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n
( E L L ) .  C o n t r i b u t i o n  N o .  1 0 5 7 2  f r o m  t h e  W o o d s  H o l e  O c e a n o g r a p h i c  I n s t i t u t i o n .
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F i g u r e  1 :  T h e  l o c a t i o n  o f  t h e  T h a u  L a g o o n .  D e t a i l .  B o u z i g u e s  i . o .  B o u z i g e s
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F i g u e  2 .  L e f t :  A  d i a g r a m  o f  
t h e  S . p .  p l a t e  f r o m  i s o l a t e  A T T L 0 1  T h e  c o n c a t e n a t i o n
p o r e  a n d  t h e  c h a n n e l  c o n n e c t i n g  t h i s  p o r e  t o  t h e  r i g h t  m a r g i n  a r e  c h a r a c t e r i s t i c  o f
A l e x a n d r i u m  c a t e n e l l a .  R i g h t :  A  l i g h t  m i c r o g r a p h  i m a g e  o f  s t r a i n  A  T T L O  1  s h o w i n g  a
s i x  c e l l  c h a i n .
1 4 4
F i g u r e  2 .
1 4 5
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F i g u r e  3 :  R F L P  p a t t e r n s  o f  s e l e c t e d  A l e x a n d r i u m  i s o l a t e s .  F r a g m e n t s  w e r e  g e n e r a t e d
w i t h  t h e  e n z m e s  N s p  1 ,  M s e  1 ,  a n d  A p a  L 1  L a n e  d e s i g n a t i o n s  a r e :  S :  m o l e c u l a r  w e i g h t
s t a n d a r d s ,  1  A T T L 0 1  ( T h a u  L a g o o n ) ,  2 .  O F 1 0 1  ( J a p a n ) ,  3 :  A 5 T  ( I t a l y ) ,  4 :  B A H  M E  1 8 2
( S c o t l a n d ) ,  a n d  5 :  A T F E 6  ( E n g l a n d ) .  A T T L 0 1  a n d  A T T L 0 2  d i s p l a y  t h e  s a m e  p a t t e r n .
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F i g u e  4 :  S e q u e n c e  d a t a  f o r  s t r a i n  O F 1 0 1 ,  f r o m  O f u a t o  B a y  ( t o p  r o w ,  t h r o u g h o u t ) ,
J a p a n  a n d  s t r a i n  A T T L O I  ( l o w e r  r o w )  ( S c h o l i n ,  e t  a i .  1 9 9 4 ) .  A  " . "  d e n o t e s  a n  i d e n t i c a l
b a s e  t o  t h a t  i n  t h e  s e q u e n c e  a b o v e .
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T A A T T G C G C A T G A A C C A G G A T A T G C T T A G C T T G A C A A T G G A G C T G C T G G C T C T G A A T T G T
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F i g u r e  5 :  M a x i m u m  l i k e l i h o o d  t r e e  s h o w i n g  t h e  r e l a t i o n s h i p  o f  t h e  A  T T L O  1  s t r a i n  t o
o t h e r  s t r a i n s  w i t h i n  t h e  A .  t a m a r e n s i s  c o m p l e x .  S e q u e n c e s  f o r  c o m p a r i s o n  w e r e  o b t a i n e d
f r o m  S c h o l i n  e t  a l .  1 9 9 4  a n d  L i l l y ,  u n p u b l i s h e d  d a t a .
1 5 0
C U 1  A  a f f n e
- 1 0  c h a n g e s
" r o x i c  S t r a i n
A f N F A 3 . 1  A  f u n d y e n s é "
W e s t e r n  N o r t h  A m e r i c a n
O F M l  A  t a m a f e n s e "
A F N F A 3 2  A  f u n d y e n s e "  I  E a s t e r n  N o r t h  A m e r i c a n
P g t l 8 3 A ,  t a m a r e n s e  I  W e s t e r n  E u r o p e a n
G . H O P f . i  A  t a m a t è n s e *  I
. .  K o r e a n  T  e m p e r a l e  A s i a n
A L E X S P H K  A .  t a m a r e n s e *
9 2 0 5 0 1 . .  A  t a m a r e n s e "  I
C h i n e s e  T e m p e r a t e  A s i a n
A T e I O H  A  t a m a t e n s e - *
U P 0 3  A  c a t e n e l l a "
L A G S  A  f u n d y e n s e *  J a p a n e s e  T e m p e r a t e  A s i a n
A  T T L 0 1  A  c a t e n e / f a "
O F 1 0 1  A  c a t e - n e l l a "
A T B B O l  A  t a m a r e n s e  I  T a s m a n ì a n
C U 1 3  A  t a m a r e n s e * l  T r o p i c a l  A s i a n
T e 0 2  A  a n c f e r s o n i
A M A D 0 6  A  m i n t J t u m "
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F i g u r e  6 :  T o x i n  c o n t e n t ,  e x p r e s s e d  a s  f g  s a x i t o x i n  e q u i v a l e n t s  p e r  c e l l ,  i n  t h e  t w o  T h a u
l a g o o n  s t r a i n s  a s  c o m p a r e d  t o  O F 1 0 1  ( J a p a n ) ,  A 5 T  ( I t a l y ) ,  B A H  M E  1 8 2  ( S c o t l a n d )  a n d
A T F E 6  ( E n g l a n d ) .
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A  T T L O  1
A T T L 0 2
O F  1  0 1
A S T
B A H  M E  1  8 2
A T F E 6
F i g u r e  6 .
f g  S T X  E q u i v a l e n t s / C e l l
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F i g u r e  7 '  T o x i n  c o m p o s i t i o n ,  e x p r e s s e d  a s  m o l e  %  o f  
t h e  t o t a l  t o x i n s ,  i n  t h e  t w o  T h a u
l a g o o n  s t r a i n s  a s  c o m p a r e d  t o  O F 1 0 1  ( J a p a n ) ,  A 5 T  ( I t a l y ) ,  B A H  M E  1 8 2  ( S c o t l a n d )  a n d
A  T F E 6  ( E n g l a n d ) .  V a l u e s  f o r  e p i m e r  p a i r s  h a v e  b e e n  c o m b i n e d .
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F i g u r e  7 .
T o x i n  C o m p o s i t i o n
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R E F E R E N C E S
A b a d i e ,  E . ,  A m z i l ,  Z . ,  B e l i n ,  C . ,  C o m p s ,  M . - A . ,  E l z i e r e - P a p a y a n n i ,  P . ,  L a s s u s ,  P . ,  L e
B e c ,  C . ,  M a r c a i l o u - L e  B a u t ,  c . ,  N e z a n ,  E .  a n d  P o g g i ,  R .  1 9 9 9 .  C o n t a m i n a t i o n  d e
l ' é t a n g  d e  T h a u  p a r  A l e x a n d r i u m  t a m a r e n s e :  É p i s o d e  d e  n o v e m b r e  à  d é c e m b r e
1 9 9 8 .  ( P l o u z a n é ,  F r a n c e :  I f r e m e r ) .  4 4 p .
A n d e r s o n ,  D . M .  a n d  W a l l ,  D .  1 9 7 8 .  P o t e n t i a l  i m p o r t a n c e  o f  
b e n t h i c  c y s t s  o f  G o n y a u l a x
t a m a r e n s i s  a n d  G .  e x c a v a t a  i n  i n i t i a t i n g  t o x i c  d i n o f l a g e l l a t e  b l o o m s .  J o u r n a l  o f
P h y c o l o g y ,  1 4 : 2 2 4 - 2 3 4 .
A n d e r s o n ,  D . M .  1 9 8 9 .  T o x i c  a l g a l  b l o o m s  a n d  r e d  t i d e s :  a  g l o b a l  p e r s p e c t i v e .  I n :
O k a i c h i ,  A n d e r s o n ,  D .  M .  a n d  N e m o t o  ( e d s . )  R e d  t i d e s .  b i o l o g y ,  e n v i r o n m e n t a l
s c i e n c e ,  a n d  t o x i c o l o g y .  E l s e v i e r  S c i e n c e  P u b l i s h i n g  C o . ,  I n c . )
A n d e r s o n ,  D . M . ,  K u l i s ,  D . M . ,  D o u c e t t e ,  G . J . ,  G a l l a g h e r ,  J . C .  a n d  B a l e c h ,  E .  1 9 9 4 .
B i o g e o g r a p h y  o f  
t o x i c  d i n o f l a g e l l a t e s  i n  t h e  g e n u s  A l e x a n d r i u m  f r o m  t h e
N o r t h e a s t e r n  U n i t e d  S t a t e s  a n d  C a n a d a .  M a r i n e  B i o l o g y ,  1 2 0 : 4 6 7 - 4 7 7 8 .
B a l e c h ,  E .  1 9 8 5 .  T h e  g e n u s  A l e x a n d r i u m  o r  G o n y a u l a x  o f  t h e  t a m a r e n s i s  g r o u p .  I n .
A n d e r s o n ,  D .  M . ,  W h i t e ,  A .  W .  a n d  B a d e n ,  D .  G .  ( e d s . )  T o x i c  D i n o f l a g e l l a t e s .
( N e w  Y o r k :  E l s e v i e r )  3 3 - 3 8 .
B a l e c h ,  E .  1 9 9 5 .  T h e  g e n u s  A l e x a n d r i u m  H a l i m  ( d i n o f l a g e l l a t a ) .  ( S h e r k i n  I s l a n d ,  I r e l a n d :
S h e r k i n  I s l a n d  M a r i n e  S t a t i o n )  1 5 1  p .
C e m b e l l a ,  A . D . ,  S u l l i v a n ,  J . J . ,  B o y e r ,  G . L . ,  T a y l o r ,  F . J . R .  a n d  A n d e r s e n ,  R . J .  1 9 8 7
V a r i a t i o n  i n  p a r a l y t i c  s h e l l f i s h  t o x i n  c o m p o s i t i o n  w i t h i n  t h e  P r o t o g o n y a u l a x
1  ' i f )
t a m a r e n s i s / c a t e n e l l a  s p e c i e s  c o m p l e x ;  r e d  t i d e  d i n o f l a g e l l a t e s .  B i o c h e m i c a l
S y s t e m a t i c s  a n d  E c o l o g y ,  1 5  ( 2 ) : 1 7 1 - 1 8 6 .
G i b s o n ,  T . ,  H i g g i n s ,  D . G .  a n d  T h o m p s o n ,  J .  1 9 9 4 .  C l u s t a l  X :  I m p r o v e d  s o f t w a r e  f o r
m u l t i p l e  s e q u e n c e  a l i g n m e n t .  ( H e i d l e b e r g ,  G e r m a n y :  E M B L ) .
G u i l l a r d ,  R . R . L .  a n d  R y t h e r ,  J . H .  1 9 6 2 .  S t u d i e s  o f  
m a r i n e  p l a n k t o n  d i a t o m s  1 .  C y c l o t e l l a
n a n a  H u s t e d t  a n d  D e t o n u l a  c o n f e r v a c e a  ( C l e v e )  G r a n .  C a n a d i a n  J o u r n a l  o f
M i c r o b i o l o g y ,  8 : 2 2 9 - 2 3 9 .
H a l l e g r a e f f ,  G .  1 9 9 3 .  A  r e v i e w  o f  
h a r m f u l  a l g a l  b l o o m s  a n d  t h e i r  a p p a r e n t  g l o b a l
i n c r e a s e .  P h y c o l o g i a ,  3 2  ( 2 ) : 7 9 - 9 9 .
H a l l e g r a e f f ,  G . M .  a n d  B o l c h ,  C . J .  1 9 9 1 .  T r a n s p o r t  o f  d i a t o m  a n d  d i n o f l a g e l l a t e  c y s t s  v i a
s h i p ' s  b a l l a s t  w a t e r .  M a r i n e  P o l l u t i o n  B u l l e t i n ,  2 2 : 2 7 - 3 0 .
M c M i n n ,  A . ,  H a l l e g r a e f f ,  G . ,  T h o m s o n ,  P . ,  J e n k i n s o n ,  A . V .  a n d  H e i j n i s ,  H .  1 9 9 7 .  C y s t
a n d  r a d i o n u c 1 e o t i d e  e v i d e n c e  f o r  t h e  r e c e n t  i n t r o d u c t i o n  o f  t h e  t o x i c  d i n o f l a g e l l a t e
G y m n o d i n i u m  c a t e n a t u m  i n t o  T a s m a n i a n  w a t e r s .  M a r i n e  E c o l o g y  P r o g r e s s  S e r i e s ,
1 6 1 . 1 6 5 - 1 7 2 .
O s h i m a ,  Y . ,  S u g i n o ,  K .  a n d  Y a s u m o t o ,  T  1 9 8 9 .  L a t e s t  a d v a n c e s  i n  H P L C  a n a l y s i s  o f
p a r a l y t i c  s h e l l f i s h  t o x i n s .  S e v e n t h  I n t e r n a t i o n a l  I U P  A C  S y m p o s i u m  o n
M y c o t o x i n s  a n d  P h y c o t o x i n s , : 3 1 9 - 3 2 6 .
S a i k i ,  R . K . ,  G e l f a n d ,  D . H . ,  S t o f f e l ,  S . ,  S c h a r f ,  S . J . ,  H i g u c h i ,  R . ,  H o r n ,  T . T . ,  M u l l i s ,  K . B .
a n d  E r l i c h ,  H . A .  1 9 8 8 .  P r i m e r - d i r e c t e d  e n z m a t i c  a m p l i f i c a t i o n  o f  
D N A  w i t h  a
t h e r m o s t a b l e  D N A  p o l y m e r a s e .  S c i e n c e ,  2 3 9 : 4 8 7 - 4 9 1
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S c h o l i n ,  C . A .  a n d  A n d e r s o n ,  D . M .  1 9 9 4 .  I d e n t i f i c a t i o n  o f  g r o u p  a n d  s t r a i n - s p e c i f i c
g e n e t i c  m a r k e r s  f o r  g l o b a l l y  d i s t r i b u t e d  A l e x a n d r i u m  ( d i n o p h y c e a e ) .  i .  R F L P
a n a l y s i s  o f S S U  r R N A  g e n e s , .  J o u r n a l  o f P h y c o l o g y ,  3 0 : 7 4 4 - 7 5 4 .
S c h o l i n ,  C . A . ,  H e r z o g ,  M . ,  S o g i n ,  M .  a n d  A n d e r s o n ,  D . M .  1 9 9 4 .  I d e n t i f i c a t i o n  o f  g r o u p
a n d  s t r a i n - s p e c i f i c  g e n e t i c  m a r k e r s  f o r  g l o b a l l y  d i s t r b u t e d  A l e x a n d r i u m
( D i n o p h y c e a e ) .  I I .  S e q u e n c e  a n a l y s i s  o f  a  f r a g m e n t  o f  t h e  L S U  r R N A  g e n e .
J o u r n a l  o f P h y c o l o g y ,  3 0 : 9 9 9 - 1 0 1 1
S c h o l i n ,  C . A . ,  H a l l e g r a e f f ,  G .  a n d  A n d e r s o n ,  D . M .  1 9 9 5 .  M o l e c u l a r  e v o l u t i o n  o f  
t h e
A l e x a n d r i u m  t a m a r e n s e  ' s p e c i e s  c o m p l e x '  ( D i n o p h y c e a e ) :  d i s p e r s a l  i n  t h e  N o r t h
A m e r i c a n  a n d  W e s t  P a c i f i c  r e g i o n s .  P h y c o l o g i a ,  3 4  ( 6 ) : 4 7 2 - 4 8 5 .
S c h o l i n ,  C . A .  a n d  A n d e r s o n ,  D . M .  1 9 9 6 .  L S U  r D N A - b a s e d  R F L P  a s s a y s  f o r
d i s c r i m i n a t i n g  s p e c i e s  a n d  s t r a i n s  o f  A l e x a n d r i u m  ( D i n o p h y c e a e ) .  J o u r n a l  o f
P h y c o l o g y , 3 2 : 1 0 2 2 - 1 0 3 5 .
S m a y d a ,  T . J  1 9 9 0 .  P r i m a r y  p r o d u c t i o n  a n d  t h e  g l o b a l  e p i d e m i c  o f  
p h y t o p l a n k t o n  b l o o m s
i n  t h e  s e a :  a  l i n k a g e ?  I n :  C o s p e r ,  E .  M . ,  B r i c e l j ,  V .  M .  a n d  C a r p e n t e r ,  E .  J .  ( e d s . )
C o a s t a l  a n d  E S t u a r i n e  S t u d i e s .  ( B e r l i n :  S p r i n g e r - V e r l a g )
S w o f f o r d ,  D .  2 0 0 1  P A U P '  P h y l o g e n e t i c  a n a l y s i s  u s i n g  p a r s i m o n y  ( S u n d e r l a n d ,  M A :
S i n a u e r  A s s o c i a t e s ) .
V i l a ,  M . ,  C a m p ,  1 . ,  G a r c e s ,  E . ,  M a s o ,  M .  a n d  D e l g a d o ,  M .  2 0 0 1  H i g h  r e s o l u t i o n  s p a t i o -
t e m p o r a l  d e t e c t i o n  o f  p o t e n t i a l l y  h a r m f u l  d i n o f l a g e l l a t e s  i n  c o n f i n e d  w a t e r s  o f  t h e
N W  M e d i t e r r a n e a n .  J o u r n a l  o f  P l a n k t o n  R e s e a r c h ,  2 3  ( 5 ) : 4 9 7 - 5 1 4 .
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C h a p t e r  V :  P h y l o g e n y ,  b i o g e o g r a p h y  a n d  s p e c i e s  b o u n d a r i e s  w i t h i n  t h e  P S P  t o x i n -
p r o d u c i n g  A l e x a n d r i u m  m i n u t u m  g r o u p .
A B S T R A C T
T h e  g e o g r a p h i c  r a n g e  a n d  b l o o m  f r e q u e n c y  o f  t h e  t o x i c  d i n o f l a g e l l a t e  A l e x a n d r i u m
m i n u t u m  a n d  o t h e r  m e m b e r s  o f  t h e  m i n u t u m  c o m p l e x  a p p a r e n t l y  h a v e  b e e n  i n c r e a s i n g
o v e r  t h e  p a s t  f e w  d e c a d e s .  S o m e  o f  t h e s e  s p e c i e s  a r e  t h e  r e s p o n s i b l e  f o r  p a r a l y t i c
s h e l l f i s h  p o i s o n i n g  ( P S P )  o u t b r e a k s  t h r o u g h o u t  t h e  w o r l d .  W h e n  a  n e w  t o x i c  p o p u l a t i o n
i s  f o u n d  i n  a  p r e v i o u s l y  u n a f f e c t e d  a r e a ,  i t  i s  t y i c a l l y  n o t  k n o w n  w h e t h e r  t h e  s p e c i e s  i s
i n d i g e n o u s  o r  i n t r o d u c e d ,  d u e  t o  a  l a c k  o f  r e l i a b l e  p l a n k t o n  r e c o r d s  w i t h  s o u n d  s p e c i e s
i d e n t i f i c a t i o n s ,  a n d  t o  t h e  l a c k  o f  a  g l o b a l  g e n e t i c  d a t a b a s e .  T h i s  p a p e r  p r o v i d e s  t h e  f i r s t
c o m p r e h e n s i v e  s t u d y  o f  m i n u t u m  c o m p l e x  m o r p h o l o g y  a n d  p h y l o g e n y  o n  a  g l o b a l  s c a l e ,
i n c l u d i n g  4 7  i s o l a t e s  f r o m  n o r t h e r n  E u r o p e ,  t h e  M e d i t e r r a n e a n ,  A s i a ,  A u s t r a l i a  a n d  N e w
Z e a l a n d .  N e i t h e r  t h e  m o r p h o  
s p e c i e s  A .  l u s i t a n i c u m  o r  A .  a n g u s t i t a b u l a t u m  w a s
r e c o v e r a b l e  m o r p h o l o g i c a l l y ,  d u e  t o  l a r g e  v a r i a t i o n  w i t h i n  a n d  a m o n g  c l o n a l  c u l t u r e s  i n
t h e  l e n g t h : w i d t h  o f  t h e  a n t e r i o r  s u l c a l  p l a t e ,  s h a p e  o f  t h e  l '  p l a t e ,  c o n n e c t i o n  b e t w e e n  t h e
l '  p l a t e  a n d  t h e  a p i c a l  p o r e  c o m p l e x ,  a n d  t h e  p r e s e n c e  o f  a  v e n t r a l  p o r e .  D N A  s e q u e n c e
d a t a  f r o m  t h e  D 1 - D 2  r e g i o n  o f  
t h e  L S U  r D N A  a l s o  f a i l e d  t o  d i s t i n g u i s h  a m o n g  t h e s e
s p e c i e s .  T h e r e f o r e ,  w e  r e c o m m e n d  t h a t  a l l  i s o l a t e s  p r e v i o u s l y  d e s i g n a t e d  a s  A .
l u s i t a n i c u m  o r  A .  a n g u s t i t a b u l a t u m  b e  r e d e s i g n a t e d  a s  A .  m i n u t u m .  W h i l e  A .  l u s i t a n i c u m
a n d  A .  a n g u s t i t a b u l a t u m  a r e  n o t  v i a b l e  a s  i n d e p e n d e n t  s p e c i e s ,  f o u r  d i s t i n c t  g e n e t i c
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g r o u p s  a r e  f o u n d  w i t h i n  t h e  A .  m i n u t u m .  T w o  a r e  t o  b e  d e s c r i b e d  a s  n e w  s p e c i e s  b y  M .
Y o s h i d a ,  a n d  a r e  h e r e  t e r m e d A .  s p .  9 2 T a n d A .  s p .  A  t h i r d  g r o u p  c o n t a i n s  a l l  o f t h e
E u r o p e a n  i s o l a t e s  a n d  s t r a i n s  f r o m  A u s t r a l i a  a n d  s h o u l d  r e m a i n A .  m i n u t u m .  J u s t i f i c a t i o n
f o r  s p e c i e s  l e v e l - s t a t u s  f o r  t h e  f o u r h  g r o u p  i s  g i v e n  a n d  t h e  n a m e  A .  p a c i f c a  i s  p r o p o s e d
t o  r e c o g n i z e  t h e  P a c i f i c  o r i g i n  o f  t h i s  s p e c i e s .  A .  t a m u t u m  a n d  A .  i n s u e t u m  a r e  c l e a r l y
d i f f e r e n t  f r o m  A .  m i n u t u m  o n  t h e  b a s i s  o f  b o t h  g e n e t i c  a n d  m o r p h o l o g i c a l  d a t a ,  a l t h o u g h
b o t h  s p e c i e s  a r e  c l o s e l y  r e l a t e d  t o  A .  m i n u t u m .  G e n e t i c  v a r i a t i o n  w i t h i n  t h e  D 1 - D 2
r e g i o n  o f  A .  m i n u t u m  i s  n o t  s u f f i c i e n t  t o  a l l o w  f o r  c o n c l u s i v e  d e t e r m i n a t i o n  o f  t h e  o r i g i n
o f  n e w l y  d i s c o v e r e d  A .  m i n u t u m  p o p u l a t i o n s  i n  E u r o p e .  H o w e v e r ,  t h e  h i g h  d e g r e e  i f
s i m i l a r i t y  b e t w e e n  i s o l a t e s  f r o m  E u r o p e  a n d  A u s t r a l i a  m a y  i n d i c a t e  a n  i n t r o d u c t i o n  f r o m
E u r o p e  t o  A u s t r a l i a .  T h e  r e s u l t s  o f  t h i s  p a p e r  h a v e  g r e a t l y  i m p r o v e d  o u t  a b i l i t y  t o  t r a c k
t h e  s p r e a d  o f  A .  m i n u t u m  s p e c i e s  a n d  t o  u n d e r s t a n d  t h e  e v o l u t i o n a r y  r e l a t i o n s h i p s  w i t h i n
t h i s  g r o u p  b y  c o r r e c t i n g  i n a c c u r a t e  t a x o n o m y  a n d  p r o v i d i n g  a  g l o b a l  g e n e t i c  d a t a b a s e .
I N T R O D U C T I O N
S o m e  d i n o f l a g e l l a t e s  o f  t h e  g e n u s  A l e x a n d r i u m  p r o d u c e  t h e  p o t e n t  n e u r o t o x i n  s a x i t o x i n
a n d  i t s  c o n g e n e r s ,  w h i c h  a r e  r e s p o n s i b l e  f o r  p a r a l y t i c  s h e l l f i s h  p o i s o n i n g ,  o r  P S P  ( T a y l o r
e t  a I . ,  1 9 9 5 ) .  W h i l e  t h e  g e n u s  c o n t a i n s  a p p r o x i m a t e l y  3 0  s p e c i e s  ( B a l e c h ,  1 9 9 5 ) ,  t h e
A l e x a n d r i u m  r e s p o n s i b l e  f o r  m o s t  P S P - p r o d u c i n g  b l o o m s  f a l l  w i t h i n  e i t h e r  t h e
t a m a r e n s i s  c o m p l e x  ( A .  t a m a r e n s e ,  A . f u n d y e n s e  a n d A .  c a t e n e l l a ) ,  o r  a r e  m e m b e r s  o f  
t h e
A .  m i n u t u m  s p e c i e s  g r o u p  ( C e m b e l l a ,  1 9 9 8 ) .  U n t i l  r e c e n t l y ,  m o s t  P S P  o u t b r e a k s  g l o b a l l y
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w e r e  c a u s e d  b y  t a m a r e n s i s  c o m p l e x  s p e c i e s ,  w h i l e  A .  m i n u t u m  w a s  r e s t r c t e d  t o  t h e
w a r m  w a t e r s  o f  
t h e  M e d i t e r r a n e a n  S e a ,  T a i w a n ,  a n d  N e w  Z e a l a n d  ( H a l l e g r a e f f  e t  a I . ,
1 9 8 8 ) .  S i n c e  t h e  m i d  1 9 8 0 s ,  h o w e v e r ,  b l o o m s  o f  A .  m i n u t u m  o r  s i m i l a r  s p e c i e s  h a v e
b e e n  r e s p o n s i b l e  f o r  P S P  i n  s o u t h e r n  A u s t r a l i a  ( H a l l e g r a e f f  e t  a I . ,  1 9 8 8 ;  O s h i m a  e t  a I . ,
1 9 8 9 ) ,  n o r t h e r n  F r a n c e  ( B e l i n ,  1 9 9 3 ) ,  S p a i n  ( F r a n c o  e t  a I . ,  1 9 9 4 )  a n d  I r e l a n d  ( G r o s s ,
1 9 8 9 ) ,  a n d  t o x i c  p o p u l a t i o n s  h a v e  b e e n  i d e n t i f i e d  i n  M a l a y s i a  ( U s u p  e t  a I . ,  2 0 0 2 ) ,  t h e
N o r t h  S e a  ( E l b r a c h t e r ,  1 9 9 9 ;  H a n s e n  e t  a I . ,  2 0 0 3 ;  N e h r i n g ,  1 9 9 8 ) ,  S w e d e n  ( P e r s s o n  e t  a I . ,
2 0 0 0 )  a n d  I n d i a  ( G o d h e  e t  a I . ,  2 0 0 0 ;  G o d h e  e t  a I . ,  2 0 0 1 ) .  T h e  r a n g e  o f  
t o x i c  p o p u l a t i o n s
a n d  t h e  f r e q u e n c y  o f  
b l o o m s  a l s o  s e e m  t o  b e  i n c r e a s i n g  i n  t h e  M e d i t e r r a n e a n  ( H o n s e l l ,
1 9 9 3 ) ,  T a i w a n  ( H w a n g  e t  a I . ,  1 9 9 9 )  a n d  N e w  Z e a l a n d  ( C h a n g  e t  a I . ,  1 9 9 7 ;  C h a n g  e t  a I . ,
1 9 9 9 ) .
T h e  i n c r e a s e  i n  r a n g e  a n d  b l o o m  f r e q u e n c y  o f  A l e x a n d r i u m  m i n u t u m  p a r a l l e l s  s i m i l a r
i n c r e a s e s  i n  t h e  r a n g e  a n d  f r e q u e n c y  o f  A l e x a n d r i u m  a n d  h a r m f u l  a l g a l  b l o o m s  i n  g e n e r a l
( A n d e r s o n ,  1 9 8 9 ;  H a l l e g r a e f f ,  1 9 9 3 ) .  W h i l e  t h e  i m p o r t a n c e  o f  
i n c r e a s e d  m o n i t o r i n g  a n d
a w a r e n e s s  o f  h a r m f u l  s p e c i e s  c a n n o t  b e  o v e r l o o k e d ,  t h e r e  i s  n o  d o u b t  t h a t  t h e  n s e  i n  t h e
i n c i d e n c e  o f  P S P  c a u s e d  b y  t h e s e  b l o o m s  i s  r e a L .
F o r  t h e  t a m a r e n s i s  c o m p l e x ,  i t  h a s  b e e n  s h o w n  t h a t  h u m a n  t r a n s p o r t  ( L i l y  e t  a I . ,  2 0 0 2 )
a n d  n a t u a l  c u r r e n t  p a t t e r n s  ( P e r s i c h  e t  a I . ,  2 0 0 3 ;  V i l a  e t  a I . ,  2 0 0 1 )  m a y  b e  i m p o r t a n t
c o n t r i b u t o r s  t o  t h e  r e c e n t  i n c r e a s e .  F o r  A l e x a n d r i u m  m i n u t u m ,  i t  a p p e a r s  t h a t  n u t r i e n t
l o a d i n g  f r o m  c o a s t a l  e u t r o p h i c a t i o n  a n d  a q u a c u l t u r e  m a y  a l s o  c o n t r i b u t e  t o  t h e  a p p a r e n t
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e x p a n s i o n  i n  b l o o m  f r e q u e n c y  a n d  t o x i c i t y  ( B e c h e m i n  e t  a I . ,  1 9 9 9 ;  G i a c o b b e  e t  a I . ,
1 9 9 6 ;  H w a n g  e t  a I . ,  1 9 9 9 ) ,  b u t  i t  h a s  b e e n  d i f f i c u l t  t o  d o c u m e n t  w h e t h e r  n e w  A .  m i n u t u m
p o p u l a t i o n s  a r e  e m e r g i n g  f r o m  " h i d d e n  f l o r a "  a n d  a r e  i n d i g e n o u s  s p e c i e s  o r  a r e  r e c e n t l y
i n t r o d u c e d  t h r o u g h  n a t u r a l  o r  h u m a n - a s s i s t e d  p a t h w a y s .  I n  E u r o p e ,  m o n i t o r i n g  r e c o r d s
d o c u m e n t  t h e  s l o w  s p r e a d  o f  A .  m i n u t u m  f r o m  F r a n c e  t h r o u g h  I r e l a n d ,  E n g l a n d ,  a n d
D e n m a r k  ( H a n s e n  e t  a I . ,  2 0 0 3 ;  N e h r n g ,  1 9 9 8 ) ,  b u t  D N A  e v i d e n c e  o f  
t h e  s o r t  u s e d  t o
t r a c k  p o p u l a t i o n  o r i g i n s  i n  t h e  t a m a r e n s i s  c o m p l e x  h a s  b e e n  l a c k i n g .  U n t i l  r e c e n t l y ,  o n l y
a  h a n d f u l  o f  
D N A  s e q u e n c e s  w e r e  c o l l e c t e d  f o r  s t u d i e s  o n  
A l e x a n d r i u m  o r  d i n o f l a g e l l a t e
p h y l o g e n y  ( S c h o l i n  e t  a I . ,  1 9 9 4 ;  S p a l t e r  e t  a I . ,  1 9 9 7 ;  W a l s h  e t  a I . ,  1 9 9 8 ;  Z a r d o y a  e t  a I . ,
1 9 9 5 ) .  N e w  D N A  b a s e d  m o n i t o r i n g  e f f o r t s  i n  F r a n c e  h a v e  y i e l d e d  a n o t h e r  h a l f - d o z e n
s e q u e n c e s  ( G u i l o u  e t  a I . ,  2 0 0 2 ) ,  b u t  t h e r e  i s  n o  g l o b a l  b i o g e o g r a p h i c  d a t a b a s e  t h a t  c a n  b e
u s e d  t o  t r a c k  p o p u l a t i o n  o r i g i n s  w i t h i n  t h e  m i n u t u m  g r o u p .  T h i s  p a p e r  e s t a b l i s h e s  t h a t
d a t a b a s e  a n d  o f f e r s  i n s i g h t s  i n t o  t h e  r e c e n t  d i s p e r s a l  a n d  e x p a n s i o n  o f  A l e x a n d r i u m
m i n u t u m  a n d  r e l a t e d  s p e c i e s .
T h i s  p a p e r  a l s o  s e e k s  t o  c l a r i f y  a  s e c o n d  p r o b l e m  t h a t  h a m p e r s  r e s e a r c h  o n  t h e  e x p a n s i o n
o f  A l e x a n d r i u m  b l o o m s .  s p e c i e s  i d e n t i f i c a t i o n .  A c c u r a t e  s p e c i e s  i d e n t i f i c a t i o n  a n d
d e l i n e a t i o n  i s  c r u c i a l  t o  m a p p i n g  t h e  b i o g e o g r a p h y  o f  a n y  o r g a n i s m ,  b u t  s p e c i e s
i d e n t i f i c a t i o n  c a n  b e  d i f f i c u l t  i n  A l e x a n d r i u m ,  a n d  t h e  v a l i d i t y  o f  c e r t a i n  s p e c i e s  i s  i n
q u e s t i o n .  T r a d i t i o n a l  t a x o n o m y  i n  A l e x a n d r i u m  i s  b a s e d  u p o n  d e t a i l e d  s t u d y  o f  t h e c a l
p l a t e  t a b u l a t i o n  ( B a l e c h ,  1 9 9 5 ;  T a y l o r  e t  a I . ,  1 9 9 5 ) .  D e l i n e a t i o n s  b e t w e e n  s p e c i e s  a r e
m a d e  o n  t h e  b a s i s  o f  
p l a t e  s h a p e ,  a t t a c h m e n t  a n d  p o r e  l o c a t i o n s  ( B a l e c h ,  1 9 9 5 ;  T a y l o r  e t
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a I . ,  1 9 9 5 ) .  U n f o r t n a t e l y ,  t h e  f u n c t i o n  o f  
t h e s e  f e a t u r e s  a n d  t h e  e f f e c t s  t h a t
e n v i r o n m e n t a l  c o n d i t i o n s  m a y  h a v e  u p o n  t h e m  a r e  u n k o w n .  O b s e r v a t i o n s  o f  v a r i a t i o n
i n  c u l t u e s  a n d  f i e l d  p o p u l a t i o n s  h a v e  l e a d  t o  t h e  s p e c u l a t i o n  t h a t  s e v e r a l  k e y  t a x o n o m i c
t r a i t s  w h i c h  h a v e  b e e n  u s e d  t o  d e f i n e  s p e c i e s ,  s u c h  a s  t h e  w i d t h  o f  t h e  s u l c a l  a n t e r i o r
p l a t e  ( F r a n c o  e t  a I . ,  i  9 9 5 )  a n d  t h e  e x i s t e n c e  o f  a  v e n t r a l  p o r e  ( A n d e r s o n  e t  a I . ,  1 9 9 4 ;
H a n s e n  e t  a I . ,  2 0 0 3 ;  K i m  e t  a I . ,  2 0 0 2 ) ,  m a y  n o t  b e  s t a b l e  c h a r a c t e r s  u s e f u l  f o r  s p e c i e s
i d e n t i f i c a t i o n .  A n a l y s i s  o f  t h e s e  a n d  o t h e r  k e y  m o r p h o l o g i c a l  t r a i t s  i n  t h e  c o n t e x t  o f
g e n e t i c  r e s e a r c h  i s  n e e d e d .
T h e r e  a r e  c u r r e n t l y  f o u r  s p e c i e s  a s s i g n e d  b y  B a l e c h  ( 1 9 9 5 )  t o  t h e  m i n u t u m  g r o u p :  A .
m i n u t u m ,  A .  l u s i t a n i c u m ,  A .  a n g u s t i t a b u l a t u m  a n d  A .  a n d e r s o n i .  T h e  u n i f y i n g  f e a t u r e s  o f
t h e s e  s p e c i e s  a r e  s m a l l  s i z e ,  . .  3 0 i . m ,  p r e d o m i n a n t l y  o v a l  s h a p e  a n d  a  p o s t e r i o r  s u l c a l
p l a t e  ( s . p . ,  s e e  F i g .  1 )  t h a t  i s  n o t  q u i t e  s y m m e t r i c a l ,  w i d e r  t h a n  i t  i s  l o n g  a n d  h a s  a n
i r r e g u l a r  a n t e r i o r  m a r g i n  m o r e  o r  l e s s  d i v i d e d  i n t o  t w o  p a r t s .  A .  m i n u t u m  i s  t h e  t y p e
s p e c i e s  f o r  A l e x a n d r i u m ,  f i r s t  d e s c r i b e d  b y  H a l i m  ( H a l i m ,  1 9 6 0 ) .  I t s  p l a t e  t a b u l a t i o n  i s
p i c t u e d  i n  F i g .  2 ,  a l o n g  w i t h  t h e  o t h e r  m i n u t u m  g r o u p  s p e c i e s .  A .  l u s i t a n i c u m  a n d  A .
a n g u s t i t a b u l a t u m  a r e  b o t h  s i m i l a r  t o  A .  m i n u t u m ,  a n d  d i f f e r  o n l y  s l i g h t l y ,  w i t h  A .
l u s i t a n i c u m  h a v i n g  a n  a n t e r i o r  s u l c a l  ( s . a . )  p l a t e  t h a t  i s  w i d e r  t h a n  i t  i s  l o n g  a n d  
A .
a n g u s t i t a b u l a t u m  h a v i n g  a I '  p l a t e  w i t h  t h e  t w o  l a r g e r  m a r g i n s  n e a r l y  p a r a l l e l  a n d
d i s p l a y i n g  n o  v e n t r a l  p o r e  b e t w e e n  p l a t e s  l '  a n d  4 '  A .  a n d e r s o n i  d i f f e r s  t h e  m o s t  f r o m
A .  m i n u t u m .  I t  i s  s l i g h t l y  l a r g e r  i n  s i z e ,  r a n g i n g  f r o m  2 1  t o  3 5 i . m  i n  l e n g t h .  T h e  s . p .  i s
w i d e r  t h a n  l o n g  a s  i n  A .  m i n u t u m ,  b u t  i s  c l e a r l y  a n g u l a r  a n d  m o r e  a s y m m e t r c a l  i n  s h a p e ,
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w i t h  a  s h o r t e n e d  l e f t  s i d e .  T h e  s . a .  i s  n e a r l y  t r i a n g u l a r  i n  s h a p e ,  a n d  t h e  6 "  p l a t e  h a s  a
u n i q u e l y  a r r o w  s h a p e d  l e f t  m a r g i n .  ( B a l e c h ,  1 9 9 5 )
A  f i f t h  s p e c i e s ,  A .  i n s u e t u m ,  i s  n o t  i n c l u d e d  b y  B a l e c h  w i t h i n  t h e  m i n u t u m  g r o u p  d u e  t o  a
c o m p l e t e  d i s c o n n e c t i o n  b e t w e e n  t h e  a p i c a l  p o r e  ( P o )  a n d  t h e  l '  p l a t e .  B a l e c h  u s e s  t h i s
c h a r a c t e r i s t i c  t o  p l a c e  A .  i n s u e t u m  i n  t h e  s u b g e n u s  G e s s n e r i u m  a s  o p p o s e d  t o  t h e
s u b g e n u s  A l e x a n d r i u m  i n  w h i c h  t h e  m i n u t u m  g r o u p  b e l o n g s .  H o w e v e r ,  A .  i n s u e t u m  i s
a l s o  v e r y  s m a l l  i n  s i z e ,  2 6 . 5 - 2 8 . 5  i . m ,  o v a l  i n  s h a p e ,  a n d  d i s p l a y s  t h e  s a m e  s h a p e d
p o s t e r i o r  s u l c a l  p l a t e  ( B a l e c h ,  1 9 9 5 ) .  A d d i t i o n a l l y ,  t h e  d e g r e e  o f  c o n n e c t i o n  b e t w e e n  t h e
l '  p l a t e  a n d  t h e  P o  i n  A .  m i n u t u m  a n d  r e l a t e d  s p e c i e s  v a r i e s  f r o m  a  d i r e c t  c o n n e c t i o n  t o
c o n n e c t e d  b y  o n l y  a  f i l a m e n t o u s  p r o j e c t i o n  o f  t h e  l '  p l a t e  w h i c h  i s  a p p a r e n t  o n l y  u p o n
d i s s e c t i o n  o f  
t h e  t h e c a  ( B a l e c h ,  1 9 9 5 ) .  P h y l o g e n e t i c  s t u d i e s  o f  
t h e  e n t i r e  A l e x a n d r i u m
g e n u s  s h o w  t h a t  t h e  s u b g e n e r a  d i v i s i o n  i n  A l e x a n d r i u m  i s  n o t  r e c o v e r a b l e  t h r o u g h  D N A
a n a l y s i s  a n d  t h a t  A .  i n s u e t u m  i s  c l o s e l y  r e l a t e d  t o  A .  m i n u t u m  ( L i l y  e t  a I . ,  2 0 0 3 ) .
T h e r e f o r e ,  t h i s  s p e c i e s  i s  i n c l u d e d  i n  a l l  a n a l y s e s  i n  t h i s  p a p e r .
M E T H O D S
I s o l a t e s .  T a b l e  1  l i s t s  t h e  s t r a i n s  u s e d  i n  t h i s  s t u d y  w i t h  t h e i r  m o r p h o  
s p e c i e s
i d e n t i f i c a t i o n ,  l o c a l i t y  o f  o r i g i n ,  G e n B a n k  a c c e s s i o n  n u m b e r  a n d  o r i g i n a l  c i t a t i o n .
S t r a i n s  w e r e  c h o s e n  t o  i n c l u d e  a l l  a v a i l a b l e  A l e x a n d r i u m  m i n u t u m ,  A .  l u s i t a n i c u m ,  A .
a n g u s t i t a b u l a t u m ,  A .  t a m u t u m ,  A .  a n d e r s o n i  a n d  A .  i n s u e t u m  c u l t u r e s  a n d  p u b l i s h e d
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s e q u e n c e s .  S e q u e n c e s  w e r e  a v a i l a b l e  i n  G e n B a n k  f o r  1 4  s t r a i n s ,  2  s e q u e n c e s  w e r e
d e r i v e d  f r o m  t h e  l i t e r a t u r e ,  a n d  n e w  s e q u e n c e s  w e r e  d e r i v e d  f r o m  3 1  c u l t u r e s  ( T a b l e  1 )
m a i n t a i n e d  a s  d e s c r i b e d  b y  A n d e r s o n  e t  a i .  ( A n d e r s o n  e t  a I . ,  1 9 8 4 ) .  T h r e e  c u l t u r e s  o f  A .
o s t e n f e l d i i ,  t h e  m o s t  c l o s e l y  r e l a t e d  A l e x a n d r i u m  s p e c i e s  ( L i l y  e t  a I . ,  2 0 0 3 ;  S p a l t e r  e t  a I . ,
1 9 9 7 ) ,  w e r e  a l s o  s e q u e n c e d .  T w o  a d d i t i o n a l  c u l t u r e s ,  A M A D 0 1  a n d  G T  P O R T ,  w h i c h
h a d  b e e n  p r e v i o u s l y  s e q u e n c e d  ( S c h o l i n  e t  a I . ,  1 9 9 4 )  w e r e  u s e d  a l o n g  w i t h  2 8  o f  t h e
s e q u e n c e d  c u l t u r e s  f o r  m o r p h o l o g i c a l  a n a l y s e s  ( T a b l e  2 ) .  C u l t u r e s  w e r e  i n c u b a t e d  a t
e i t h e r  1 5 , 2 0  o r  2 6 ° C ,  d e p e n d i n g  u p o n  w h i c h  t e m p e r a t u r e  m o s t  c l o s e l y  a p p r o x i m a t e d  t h e
n a t u r a l  e n v i r o n m e n t  f o r  e a c h  s t r a i n .
M o r p h o l o g i c a l  a n a l y s i s .  O n e  m l  a l i q u o t s  w e r e  t a k e n  f r o m  3 0  c u l t u r e s  ( T a b l e  2 )
i n  t h e  e a r l y  e x p o n e n t i a l  p h a s e  o f  g r o w t h .  E a c h  s a m p l e  w a s  d i l u t e d  1 : 5  w i t h  a u t o c 1 a v e d
d e i o n i z e d  d i s t i l l e d  w a t e r  t o  f o r c e  e c d y s i s .  S a m p l e s  w e r e  t h e n  p r e s e r v e d  w i t h  5 %
f o r m a l i n .  T o  t h e s e  s a m p l e s ,  1  %  T r i t o n  X  ( S i g m a  C h e m i c a l  C o . )  w a s  a d d e d  t o  a  f i n a l
c o n c e n t r a t i o n  o f  0 . 1  % .  S a m p l e s  w e r e  c e n t r i f u g e d  a n d  t h e  d e t e r g e n t  w a s  r e m o v e d  b y
a s p i r a t i o n  l e a v i n g  a  d r y  p e l l e t .  T h e  p e l l e t  w a s  r e s u s p e n d e d  i n  1  m l  o f  2  i . m  f i l t e r e d
s e a w a t e r  F i v e  i . l  o f  C a l c o f l u o r  W h i t e  ( S i g m a  C h e m i c a l  C o . )  w e r e  a d d e d  t o  t h e  s a m p l e ,
a n d  a l l o w e d  t o  s t a i n  f o r  1 0  m i n u t e s .  T h e  s a m p l e  w a s  a g a i n  c e n t r i f u g e d  a n d  a s p i r a t e d .
T h e  f i n a l  p e l l e t  w a s  r e s u s p e n d e d  i n  2 0 0 i . 1  o f  f i t e r e d  s e a w a t e r  a n d  s t o r e d  a t  4 ° C  u n t i l
a n a l y s i s .  T h e c a l  p l a t e  s t r c t u r e  w a s  e x a m i n e d  i n  t h e s e  s a m p l e s  u s i n g  a  Z e i s s  A x i o s c o p
e p i f l u o r e s c e n t  m i c r o s c o p e  w i t h  a  Z e i s s  G 3 6 5  e x c i t a t i o n  f i t e r  a n d  a  Z e i s s  l o n g  p a s s  4 2 0
e m i s s i o n  f i t e r .  S a m p l e s  w e r e  o b s e r v e d  f o r  k e y  m o r p h o l o g i c a l  f e a t u e s  u s e d  b y  B a l e c h
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( 1 9 9 5 )  f o r  t a x o n o m i c  p u r p o s e s .  T h e  w i d t h  a n d  s h a p e  o f  t h e  l '  p l a t e ,  c o n n e c t i o n  b e t w e e n
t h e  l '  a n d  P o ,  e x i s t e n c e  a n d  l o c a t i o n  o f  t h e  v e n t r a l  p o r e ,  w i d t h  a n d  s h a p e  o f  t h e  6 "  p l a t e ,
s h a p e  o f  t h e  S . p . ,  a n d  l e n g t h  a n d  w i d t h  o f  t h e  s . a .  w e r e  r e c o r d e d  ( T a b l e  2 ) .  B e c a u s e  t h e
l e n g t h : w i d t h  r a t i o  o f  t h e  s u l c a l  a n t e r i o r  p l a t e  i s  c r u c i a l  t o  d i s c r i m i n a t e  A .  l u s i t a n i c u m
f r o m  A .  m i n u t u m ,  t e n  m e a s u r e m e n t s  w e r e  t a k e n  t o  d e t e r m i n e  a  c l o n e  a v e r a g e  a n d  w i t h i n
c u l t u e  v a r i a t i o n .  M e a s u r e m e n t s  w e r e  t a k e n  f r o m  t h e  f i r s t  t e n  t h e c a  t h a t  p r e s e n t e d  t h e
s . a .  p a r a l l e l  t o  t h e  p l a n e  o f  f o c u s .  I m a g e s  w e r e  c a p t u e d  u s i n g  a  P n n c e t o n  I n s t r u m e n t s
c o o l e d  C C D  d i g i t a l  c a m e r a  a n d  I P  L a b  S p e c t r m  s o f t w a r e ,  v e r s i o n  3 .  i  . 1  c  b y  S i g n a l
A n a l y t i c s ,  V i r g i n i a ,  U S A ,
D N A  e x t r a c t i o n .  B e c a u s e  t h e  m u l t i p l e  m e m b r a n e s  a n d  t h e c a e  o f  d i n o f l a g e l l a t e s
c a n  b e  d i f f c u l t  t o  r u p t u r e ,  w e  u s e d  a  m o d i f i e d  D N A  e x t r a c t i o n  p r o t o c o l .  C u l t u r e s  w e r e
h a r v e s t e d  i n  m i d - e x p o n e n t i a l  p h a s e  a n d  s u b j e c t e d  t o  o s m o t i c  s h o c k  w i t h  t h e  a d d i t i o n  o f
d e i o n i z e d  w a t e r  a t  4  t i m e s  t h e  c u l t u r e  v o l u m e  t o  i n d u c e  e c d y s i s .  T h e  c e l l s  w e r e
c e n t r i f u g e d  a n d  t h e  p e l l e t  r e s u s p e n d e d  i n  1 0 0  i . l  o f  t h e  l y s i s  b u f f e r  p r o v i d e d  i n  t h e
Q i a g e n  ( V a l e n c i a ,  C A )  D N e a s y  k i t .  S a m p l e s  w e r e  b o i l e d  f o r  2 5  m i n u t e s ,  f r o z e n  t o
- 2 0 ° C  a n d  t h a w e d  o n  i c e .  W h o l e  c e l l  l y s i s  p r o d u c t s  w e r e  u s e d  d i r e c t l y  o r  t h e  D N e a s y
p r o t o c o l  w a s  t h e n  f o l l o w e d  a s  r e c o m m e n d e d  b y  t h e  m a n u f a c t u r e r .
p e R  a m p l i f c a t i o n  o f  D  l - D 2  L S U  r D N A .  A p p r o x i m a t e l y  7 0 0  b p  o f  d i v e r g e n t
d o m a i n s  i  a n d  2  ( D 1 - D 2 )  o f  
t h e  l a r g e  s u b u n i t  r i b o s o m a l  D N A  ( L S U  r D N A )  w e r e
a m p l i f i e d  f r o m  p u r i f i e d  D N A  o r  w h o l e  c e l l  l y s i s  p r o d u c t s  u s i n g  t h e  p o l y m e r a s e  c h a i n
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r e a c t i o n  w i t h  t h e  D 1 R  a n d  D 2 C  p n m e r s  a n d  1 - 5  n g  t e m p l a t e ,  a s  p r e v i o u s l y  d e s c r i b e d
( S c h o l i n  a n d  A n d e r s o n ,  1 9 9 4 ) .  P r o d u c t s  w e r e  p u r i f i e d  i n  Q i a g e n  M i n E l u t e  P C R
p u r i f i c a t i o n  c o l u m n s  a n d  s t o r e d  i n  a u t o c l a v e d  d i s t i l e d  d e i o n i z e d  w a t e r  ( d D I W )  a t  - 2 0 ° C .
T h e  c o n c e n t r a t i o n  o f  p u r i f i e d  p r o d u c t s  w a s  d e t e r m i n e d  r e l a t i v e  t o  a  D N A  m a s s  m a r k e r
l a d d e r  ( L o w  D N A  M a s s  L a d d e r ;  L i f e  T e c h n o l o g i e s ,  C a r i s b a d ,  C A ) .
D N A  s e q u e n c i n g .  D N A  s e q u e n c i n g  w a s  c o n d u c t e d  w i t h  B i g D y e  v e r s i o n  3 . 0  f r o m
A p p l i e d  B i o s y s t e m s ,  i n c .  ( A B I ;  F o s t e r  C i t y ,  C A ) .  W e  u s e d  6  i . l  v o l u m e s ,  w i t h  2 0  n g
t e m p l a t e ,  1 . 5  i . M  p r i m e r  a n d  1  i . l  B i g D y e .  R e a c t i o n s  w e r e  r u n  f o r  3 0  c y c l e s  o f  9 6 ° C  f o r
3 0  s e c ;  5 0 ° C  f o r  1 5  s e c ;  6 0 ° C  f o r  4  m i n ,  w i t h  a  f i n a l  h o l d  a t  4 ° C .  R e a c t i o n s  w e r e
p u r i f i e d  v i a  i s o p r o p a n o l  p r e c i p i t a t i o n ,  t h e n  d r i e d  a n d  s t o r e d  a t  - 2 0 ° C .  R e a c t i o n s  w e r e
l a t e r  r e s u s p e n d e d  i n  H i D i  F o r m a m i d e  a n d  r u n  o n  a n  A B I  3 7 0 0 .  T e m p l a t e s  w e r e
s e q u e n c e d  i n  d u p l i c a t e  i n  b o t h  d i r e c t i o n s .
D N A  s e q u e n c e  a n a l y s i s .  S e q u e n c e s  w e r e  e x a m i n e d  u s i n g  t h e  A B I  S e q u e n c i n g
A n a l y s i s  a n d  A u t o A s s e m b l e r  s o f t a r e  a n d  c h e c k e d  f o r  a c c u r a c y  o f  b a s e - c a l l i n g .
S e q u e n c e s  w e r e  a s s e m b l e d  i n  A B I  A u t o A s s e m b e r  a n d  a g a i n  c h e c k e d .  S e q u e n c e s  w e r e
a l i g n e d  w i t h  p u b l i s h e d  s e q u e n c e s  a n d  s e q u e n c e s  o f  o u t g r o u p  t a x a  u s i n g  C l u s t a l  X
( G i b s o n  e t  a I . ,  1 9 9 4 )  a n d  c h e c k e d  i n  M a c C l a d e  ( M a d d i s o n  a n d  M a d d i s o n ,  2 0 0 0 ) .
T h e  M o d e l t e s t  p r o g r a m  ( P o s a d a  a n d  C r a n d a l l ,  1 9 9 8 )  w a s  u s e d  t o  d e t e r m i n e  t h e  m o s t
a p p r o p r i a t e  s u b s t i t u t i o n  m o d e l  a n d  a s s o c i a t e d  p a r a m e t e r s .  P  A U P  v e r s i o n  4 . 0 b  1  0
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( S w o f f o r d ,  2 0 0 2 )  w a s  u s e d  f o r  p h y l o g e n e t i c  a n a l y s e s .  A  p a r s i m o n y  a n a l y s i s  ( 1 0 0 0
r a n d o m - s e q u e n c e - a d d i t i o n  r e p l i c a t e s  w i t h  t r e e - b i s e c t i o n - r e c o n n e c t i o n  b r a n c h  s w a p p i n g )
w a s  u s e d  t o  g e n e r a t e  s t a r t i n g  t r e e s  f o r  m a x i m u m  l i k e l i h o o d  a n a l y s e s  u s i n g  m o d e l
p a r a m e t e r s  g e n e r a t e d  i n  M o d e l t e s t .  O n e  h u n d r e d  b o o t s t r a p  r e p l i c a t e s  w e r e  r u n .  B a y e s i a n
a n a l y s e s  w e r e  a l s o  r u n ,  u s i n g  M r  B a y e s  2 . 0 1  ( H u e l s e n b e c k  a n d  R o n q u i s t ,  2 0 0 1 )  a n d
M o d e l t e s t  p a r a m e t e r s .  T h e  a n a l y s i s  w a s  r u n  f o r  1 0 0 , 0 0 0  g e n e r a t i o n s  w i t h  6  c h a i n s .
T r e e s  w e r e  s a m p l e d  e v e r y  t e n  g e n e r a t i o n s .
S t a t i s t i c a l  t e s t i n g .  I n  a d d i t i o n  t o  t h e  b o o t s t r a p  a n a l y s e s ,  S h i m o d a i r a - H a s e g a w a
l i k e l i h o o d - r a t i o  t e s t s  ( S h i m o d a i r a  a n d  H a s e g a w a ,  1 9 9 9 )  w e r e  p r e f o r m e d  t o  t e s t  v a r i o u s
h y p o t h e s e s  o f  A l e x a n d r i u m  e v o l u t i o n  a n d  s t a b i l i t y  o f  k e y  n o d e s .  T h e  c o n s t r a i n t s  u s e d  t o
g e n e r a t e  t r e e  t o p o l o g i e s  o f  s e l e c t e d  h y p o t h e s e s  a r e  l i s t e d  i n  T a b l e  3 .  F o r  e a c h  c o n s t r a i n t ,
n e s t e d  m a x i m u m  l i k e l i h o o d  a n a l y s e s  w e r e  r u  u s i n g  P  A U P  a s  d e s c r i b e d  a b o v e .
S h i m o d a i r a - H a s e g a w a  t e s t s  u s i n g  R E L L  b o o t s t r a p  ( o n e - t a i l e d  t e s t s )  w e r e  c a r r i e d  o u t
u s i n g  P  A U P
R E S U L T S
M o r p h o l o g i c a l  a n a l y s i s .
I s o l a t e s  w e r e  e x a m i n e d  b o t h  f o r  t h e  p r e s e n c e  o f  t h e  m i n u t u m  g r o u p  m o r p h o s p e c i e s  a n d
f o r  t h e  p r e s e n c e  a n d  s t a b i l i t y  o f  k e y  m o r p h o l o g i c a l  f e a t u r e s  a m o n g  a l l  i s o l a t e s .
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A l e x a n d r i u m  l u s i t a n i c u m .  M o r p h o l o g i c a l  a n a l y s i s  c o u l d  n o t  d i s c r i m i n a t e  b e t w e e n  s t r a i n s
t h a t  h a d  b e e n  p r e v i o u s l y  i d e n t i f i e d  a s  A .  l u s i t a n i c u m  a n d  A .  m i n u t u m  b a s e d  u p o n  t h e
w i d t h  o f  t h e  s . a . .  B o t h  g r o u p s  o f  i s o l a t e s  h a d  a n  a v e r a g e  l e n g t h : w i d t h  r a t i o  o f  1  1  w i t h  a
s t a n d a r d  d e v i a t i o n  o f  
0 . 1 .  W h e n  a l l  i s o l a t e s  w e r e  g r o u p e d  t o g e t h e r ,  a  c o n t i n u o u s  r a n g e  o f
l e n g t h : w i d t h  r a t i o s  w a s  f o u n d ;  i s o l a t e s  d i d  n o t  f a l l  i n t o  t w o  s e p a r a t e  g r o u p s .  T h e  r a n g e  o f
v a r i a t i o n  w i t h i n  c u l t u r e s  e x c e e d e d  t h e  r a n g e  o f v a r i a t l O n  b e t w e e n  c u l t u e s  ( F i g u r e  4 ) .
T h e r e  w a s  a l s o  n o  d i f f e r e n c e  i n  t h e  w i d t h  o r  s h a p e  o f  t h e  6 "  p l a t e ,  w h i c h  B a l e c h  g i v e s  a s
a  s e c o n d a r y  d i f f e r e n c e  b e t w e e n  A .  l u s i t a n i c u m  a n d  A .  m i n u t u m  ( T a b l e  2 ) .
A l e x a n d r i u m  a n g u s t i t a b u l a t u m .  N o  c u l t u r e s  p r e v i o u s l y  i d e n t i f i e d  a s  A .  a n g u s t i t a b u l a t u m
w e r e  a v a i l a b l e  f o r  s t u d y  H o w e v e r ,  t h e  k e y  m o r p h o l o g i c a l  f e a t u e s  w h i c h  d e f i n e  A .
a n g u s t i t a b u l a t u m ,  p a r a l l e l  m a r g i n s  o n  t h e  l '  p l a t e  a n d  t h e  a b s e n c e  o f  a  v e n t r a l  p o r e ,  w e r e
o b s e r v e d  i n  t h e  a v a i l a b l e  c u l t u r e s  o f  o t h e r  s p e c i e s .  F i v e  c u l t u r e s  h a d  n a r r o w  l '  p l a t e s
w i t h  p a r a l l e l  m a r g i n s ,  f i v e  c u l t u e s  c o m p l e t e l y  l a c k e d  a  v e n t r a l  p o r e  a n d  a  v e n t r a l  p o r e
w a s  o n l y  s o m e t i m e s  p r e s e n t  a n d  o t h e r  t i m e s  l a c k i n g  i n  a  s i x t h  c u l t u r e  ( T a b l e  2 ) .  O n e
c u l t u r e ,  A M I ,  d i s p l a y e d  b o t h  t h e  p a r a l l e l  m a r g i n s  a n d  l a c k  o f  
v e n t r a l  p o r e .  S e e  F i g .  5  f o r
e x a m p l e s .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  w i t h i n  a l l  f i v e  c u l t u r e s  w i t h  p a r a l l e l  m a r g i n s  o n  t h e
l '  p l a t e ,  s o m e  s p e c i m e n s  w e r e  o b s e r v e d  h a v i n g  l '  p l a t e s  i n  w h i c h  t h e  m a r g i n s  w e r e  s u b -
p a r a l l e L .  F o u r  c u l t u r e s  f r o m  N e w  Z e a l a n d ,  t h e  t y p e  l o c a l i t y  o f  A .  a n g u s t i t a b u l a t u m  w e r e
a n a l y z e d .  A l l  f o u r  c u l t u e s  p o s s e s s e d  a  v e n t r a l  p o r e .  T h e  t w o  c u l t u r e s  f r o m  t h e  B a y  o f
P l e n t y  d i s p l a y e d  p a r a l l e l  m a r g i n s  o n  t h e  l '  p l a t e  w h i l e  t h e  o t h e r  t w o  c u l t u e s  d i d  n o t .
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A l e x a n d r i u m  a n d e r s o n i .  O n e  i s o l a t e  o f  A .  a n d e r s o n i  w a s  a v a i l a b l e  f o r  s t u d y .  H o w e v e r ,
t h e  i s o l a t e  d i s p l a y e d  a l l  o f  t h e  c h a r a c t e f l s t i c s  w h i c h  d i s t i n g u i s h  A .  a n d e r s o n i  f r o m  A .
m i n u t u m :  t h e  a r r o w - s h a p e d  6 "  p l a t e ,  a  t r i a n g u l a r  s . a .  o f  e q u a l  l e n g t h  a n d  w i d t h  a n d  a  s . p .
w i t h  a n g u l a r  s i d e s .  T h e  a r r o w - s h a p e d  6 "  p l a t e  a n d  a n g u l a r  s . p .  w e r e  n o t  o b s e r v e d  i n  a n y
o f  t h e  o t h e r  c u l t u r e s  ( B a l e c h ,  1 9 9 5 ) .  T h e  t r i a n g u l a r  s . a .  p l a t e  w a s  o b s e r v e d  o n l y  o n c e ,  i n
c u l t u r e  L A C  2 7 .
A l e x a n d r i u m  t a m u t u m .  T w o  i s o l a t e s  p r e v i o u s l y  i d e n t i f i e d  a s  A .  t a m u t u m  w e r e  a v a i l a b l e
f o r  m o r p h o l o g i c a l  a n a l y s i s .  O n e  i s o l a t e  p r e v i o u s l y  c l a s s i f i e d  a s  A .  l u s i t a n i c u m ,  A L 2 T ,
w a s  r e c l a s s i f i e d  a s  A .  t a m u t u m  b a s e d  u p o n  m o r p h o l o g i c a l  a n a l y s i s .  A l l  t h e e  i s o l a t e s
d i s p l a y e d  a  b r o a d  l '  p l a t e  w i t h  a  f u l l  c o n n e c t i o n  t o  t h e  P o  a n d  a  w i d e r  t h a n  l o n g  s . p .
p l a t e .  H o w e v e r ,  a l l  o f  
t h e s e  f e a t u r e s  w e r e  a l s o  o b s e r v e d  i n  o t h e r  i s o l a t e s .  T h e  6 "  p l a t e  i n
t h e s e  i s o l a t e s  w a s  a l s o  q u i t e  w i d e ,  s u b s t a n t i a l l y  w i d e r  t h a n  i t  w a s  l o n g .  T h i s  c h a r a c t e r
a p p e a r s  u n i q u e  t o  A .  t a m u t u m ,  a s  i t  w a s  n o t  o b s e r v e d  i n  a n y  o f  t h e  o t h e r  i s o l a t e s .  T h e
v e n t r a l  p o r e  w a s  a  v a r i a b l e  c h a r a c t e r ,  c o m p l e t e l y  l a c k i n g  i n  o n e  i s o l a t e ,  p l a c e d  h i g h  o n
t h e  a n t e r i o r  m a r g i n  o f  t h e  l '  p l a t e  i n  a  s e c o n d ,  a n d  m i d w a y  a l o n g  t h e  a n t e r i o r  m a r g i n  f o r
t h e  t h i r d  i s o l a t e .
A l e x a n d r i u m  i n s u e t u m .  A  s i n g l e  i s o l a t e  i d e n t i f i e d  a s  A .  i n s u e t u m ,  D - 1 5 5 - B - 1 ,  w a s
a v a i l a b l e  f o r  s t u d y  H o w e v e r ,  a s  w i t h  A .  a n d e r s o n i ,  t h i s  i s o l a t e  d i s p l a y e d  a l l  o f  t h e
m o r p h o l o g i c a l  f e a t u e s  t y p i c a l  o f  A .  i n s u e t u m .  T h e  t h e c a  w a s  h i g h l y  r e t i c u l a t e d  ( F i g .  6 c ) ,
b o t h  o n  t h e  e p i t h e c a  a n d  t h e  h y p o t h e c a .  T h e  l '  p l a t e  w a s  n o t  c o n n e c t e d  t o  t h e  P o ,  a n d
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w a s  s u b s t a n t i a l l y  s h o r t e r  a n d  b r o a d e r  i n  a p p e a r a n c e  t h a n  t h e  l '  p l a t e s  o f  a n y  o f  t h e  o t h e r
s t r a i n s  e x a m i n e d .  T h e  s . a . ,  6 "  p l a t e  a n d  S . p .  p l a t e  r e s e m b l e d  t h o s e  o f  t h e  
A .  m i n u t u m
i s o l a t e s  e x a m i n e d .  A  v e n t r a l  p o r e  w a s  o b s e r v e d  m i d w a y  a l o n g  t h e  a n t e r i o r  m a r g i n  o f  t h e
l '  p l a t e .
T h e c a l  o r n a m e n t a t i o n  f o r  a l l  c u l t u r e s .  M o s t  i s o l a t e s  o f  A .  m i n u t u m  a n d  A .  t a m u t u m  h a d
n o  r e t i c u l a t i o n  o r  o r n a m e n t a t i o n  o n  t h e  t h e c a .  P l a t e s  w e r e  e n t i r e l y  s m o o t h  ( F i g .  6 b ) .
V e r y  f i n e  o r n a m e n t a t i o n ,  c o n s i s t i n g  o f  a r e o l a t e d  t h e c a  a n d  p r i m i t i v e  r e t i c u l a t i o n  w a s
p r e s e n t  o n  a  f e w  A .  m i n u t u m  i s o l a t e s  ( F i g .  6 d ,  T a b l e  2 ) .  T h i s  o r n a m e n t a t i o n  w a s  m o r e
p r o n o u n c e d  i n  t w o  A .  m i n u t u m  i s o l a t e s  f r o m  J a p a n ,  D - 1 6 3 - C - 5  a n d  D - 1 6 4 - C - 6  ( F i g .  6 a ) ,
w h e r e  i t  c o v e r e d  t h e  e n t i r e  h y p o t h e c a .  F o r  b o t h  i s o l a t e s ,  h o w e v e r ,  t h e  e p i t h e c a l  p l a t e s
w e r e  c o m p l e t e l y  s m o o t h .  S t r o n g  r e t i c u l a t i o n  w a s  p r e s e n t  o n l y  i n  D - 1 5  5 -  B - 1 ,  t h e  A .
i n s u e t u m  s t r a i n .  S e v e r a l  A .  m i n u t u m  i s o l a t e s  f r o m  N e w  Z e a l a n d  h a d  t h e c a l  p l a t e s  o f
u n e v e n  t h i c k n e s s ,  l e a d i n g  t o  a  b l o t c h y  a p p e a r a n c e .  I n t e r c a l a r y  b a n d s  w e r e  o b s e r v e d  o n
m o s t  i s o l a t e s .
C o n n e c t i o n  b e t w e e n  t h e  1  '  p l a t e  a n d  P o .  T h e  d e g r e e  o f  c o n n e c t i o n  b e t w e e n  t h e  l '  p l a t e
a n d  t h e  P o  v a r i e d  a m o n g  s p e c i e s  a n d  w i t h i n  s t r a i n s  o f  A .  m i n u t u m .  T h e  v a r i a t i o n  w a s
o f t e n  c o r r e l a t e d  w i t h  t h e  s h a p e  o f  t h e  l '  p l a t e .  W h e r e  t h e  l '  p l a t e  w a s  b r o a d  a n d  l o n g ,  a
d i r e c t  c o n n e c t i o n  b e t w e e n  t h e  l '  p l a t e  a n d  P o  w a s  a l w a y s  o b s e r v e d .  T h e  w i d t h  o f  t h i s
c o n n e c t i o n  v a r i e d  b e t w e e n  a  f u l l  w i d t h  c o n n e c t i o n  i n  w h i c h  t h e  l '  p l a t e  a p p e a r e d
t r c a t e d  b y  t h e  P o  t o  a  t h i n n e r  c o n n e c t i o n  w h e r e  t h e  l '  p l a t e  d i d  n o t  a p p e a r  t r u n c a t e d
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y e t  s t i l  r e m a i n e d  i n  f u l l  c o n t a c t  w i t h  t h e  P o .  A  b r o a d  l '  p l a t e  t h a t  d i d  n o t  c o n t a c t  t h e  P o
w a s  o n l y  o b s e r v e d  i n  t h e  A .  i n s u e t u m  i s o l a t e .  H o w e v e r ,  i n  t h i s  c a s e  t h e  s h a p e  o f t h e  l '
p l a t e  w a s  v e r y  d i f f e r e n t ,  s o  s h o r t  t h a t  i s  w a s  n e a r l y  e q u a l  i n  l e n g t h  a n d  w i d t h .  I n
i n s t a n c e s  w h e r e  t h e  l '  w a s  n a r r o w  i n  s h a p e ,  t h e  c o n n e c t i o n  t o  t h e  P o  c o u l d  n o t  b e
p r e d i c t e d .  I n  s o m e  A .  m i n u t u m  i s o l a t e s ,  t h e r e  w a s  a  t h i n  d i r e c t  c o n n e c t i o n  b e t w e e n  t h e  l '
a n d  t h e  P o .  O n  o t h e r  i n s t a n c e s ,  t h e  l '  p l a t e  a p p e a r e d  d i s c o n n e c t e d  f r o m  t h e  P o .  I n  t h e s e
c a s e s ,  t h e  l '  p l a t e  n a r r o w e d  i n t o  a  f i n e  p o i n t  a t  t h e  a p i c a l  e n d  ( F i g .  5 ) .  T h i s  f i n e  p o i n t
w a s  o b s e r v e d  i n  s e v e r a l  i n s t a n c e s  t o  h a v e  a  f i a m e n t o u s  c o n n e c t i o n  w i t h  t h e  P o .  T h e
f i a m e n t o u s  c o n n e c t i o n  w a s  d i f f c u l t  t o  o b s e r v e  i n  s o m e  c e l l s  d u e  t o  t h e  o v e r g r o w t h  o f
i n t e r c a l a r y  b a n d s ,  b u t  w a s  a l w a y s  p r e s e n t  w h e n  t h e  t h e c a  w a s  d i s s e c t e d .  I n  s e v e r a l
c u l t u r e s ,  b o t h  t h e  f i l a m e n t o u s  c o n n e c t i o n  a n d  a  d i r e c t  t h i n  c o n n e c t i o n  w e r e  o b s e r v e d .
G e n e t i c  a n a l y s i s ,
T h e  f i n a l  d a t a  s e t  i n c l u d e d  4 9  t a x a  a n d  6 8 3  c h a r a c t e r s ,  w i t h  n o n e  e x c l u d e d  f o r  a m b i g u o u s
a l i g n m e n t .  O f  t h e  6 8 3  c h a r a c t e r s ,  4 1 4  w e r e  c o n s t a n t ,  6 2  w e r e  v a r i a b l e  b u t  p a r s i m o n y
u n i n f o r m a t i v e  a n d  2 0 7  w e r e  p a r s i m o n y  i n f o r m a t i v e .
M o d e l  t e s t i n g .  M o d e l T e s t  e s t i m a t e d  n u c l e o t i d e  f r e q u e n c i e s  a s  A = 0 . 2 7 0 3 ,
C = 0 . 1 6 4 6 ,  G = 0 . 2 5 4 0 ,  a n d  T = 0 . 3 1 1 1 .  T h e  b e s t  f i t  t o  t h e  d a t a  w a s  o b t a i n e d  w i t h  s i x
s u b s t i t u t i o n  t y e s  a n d  r a t e s ,  ( A C :  1 ,  A G '  2 . 3 1 8 0 ,  A T '  1 ,  C G :  1 ,  C T -  6 . 6 4 1 7 ,  G T :  1 ) ,  w i t h
a m o n g - s i t e  r a t e  v a r i a t i o n  ( a  =  0 . 5 0 9 9  w i t h  f o u r  r a t e  c a t e g o r i e s )  a n d  2 8 . 2 3 %  o f  s i t e s
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a s s u m e d  t o  b e  i n v a r i a b l e .  T h e s e  s e t t i n g s  c o r r e s p o n d  t o  t h e  T r N + I + G  m o d e l  ( T a m u r a  a n d
N e i ,  1 9 9 3 ) .
P h y l o g e n e t i c  a n a l y s i s .  P a r s i m o n y  a n a l y s i s  r e t u r n e d  1 0 2 0  m o s t  p a r s i m o n i o u s
t r e e s ,  ( t r e e  l e n g t h  =  5 3 5 ) .  T h i s  s e t  o f  t r e e s  w a s  a r b i t r a r i l y  d i c h o t o m i z e d  a n d  s c o r e d  i n
P  A U P  ( S w o f f o r d ,  2 0 0 2 )  u s i n g  t h e  l i k e l i h o o d  m o d e l  c r i t e r i a .  T h e  5 4  t r e e s  w i t h  t h e  b e s t
l i k e l i h o o d  s c o r e  ( - I n  2 2 5 0 . 5 4 5 1 )  w e r e  u s e d  a s  s t a r t i n g  t r e e s  f o r  t h e  l i k e l i h o o d  a n a l y s i s .
T h r e e  m o s t  l i k e l y  t r e e s  o f  s c o r e  - I n  2 2 3 4 , 1 5 7 0 8  w e r e  f o u n d  ( F i g .  7 ) .  B o o t s t r a p  v a l u e s ?
6 0  a r e  s h o w n  o n  F i g .  7 .
T h e  A l e x a n d r i u m  m i n u t u m / A .  l u s i t a n i c u m  w e r e  s p l i t  i n t o  f o u r  c l a d e s  w i t h  m o s t
s t r a i n s  f a l l i n g  i n t o  t w o  m a i n  c l a d e s .  T h e  l a r g e r  o f  t h e s e  c l a d e s  c o n t a i n e d  i s o l a t e s  f r o m
l o c a t i o n s  i n  E u r o p e ,  A s i a  a n d  t h e  S o u t h e r n  P a c i f i c  a n d  t h e  s m a l l e r  c o n t a i n i n g  o n l y
i s o l a t e s  f r o m  N e w  Z e a l a n d  a n d  T a i w a n .  L i k e l i h o o d  r a t i o  t e s t s  i n d i c a t e d  t h a t  t h e  c l o s e
r e l a t i o n s h i p  b e t w e e n  t h e  A u s t r a l i a n  a n d  E u r o p e a n  s t r a i n s  i n  t h e  l a r g e r  c l a d e  w a s
s i g n i f i c a n t l y  m o r e  l i k e l y  ( p " : O . O O O )  t h a t  a r r a n g e m e n t s  i n  w h i c h  a l l  o f  t h e  P a c i f i c  s t r a i n s
a r e  m o s t  c l o s e l y  r e l a t e d .  T h e  s m a l l e r  c l a d e  w a s  v e r y  w e l l  s u p p o r t e d ,  w i t h  a  b o o t s t r a p
v a l u e  o f  1 0 0 .  T h i s  c l a d e  w a s  d i v i d e d  i n t o  t w o  s u b  c l a d e s ,  o n e  c o n t a i n i n g  a l l  o f  t h e
i s o l a t e s  f r o m  N e w  Z e a l a n d  a n d  t h e  o t h e r  c o n t a i n i n g  t w o  i s o l a t e s  f r o m  T a i w a n .  N e i t h e r
o f  t h e s e  s u b c l a d e s  h a d  h i g h  b o o t s t r a p  s u p p o r t .  S o m e  s u b d i v i s i o n s  w e r e  a l s o  a p p a r e n t  i n
t h e  l a r g e r  A .  m i n u t u m / A .  l u s i t a n i c u m  c l a d e .  T w o  o f t h e  s t r a i n s  t a k e n  f r o m  S c h o l i n  e t  a i .
( 1 9 9 4 )  c o n s i s t e n t l y  g r o u p e d  t o g e t h e r  w i t h  b o o t s t r a p  s u p p o r t  o f  1 0 0 .  T h e  o n l y  o t h e r  w e l l -
s u p p o r t e d  s u b c l a d e  w a s  t h e  g r o u p  o f  b o t h  s t r a i n s  f r o m  Z a r d o y a  e t  a l .  ( 1 9 9 5 ) .  T h e
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a r r a n g e m e n t  o f  s t r a i n s  w i t h i n  t h i s  l a r g e  c l a d e  w e r e  t h e  o n l y  d i f f e r e n c e s  b e t w e e n  t h e  t h r e e
m o s t  l i k e l y  t r e e s .  I t  i s  o f  n o t e  t h a t  t h i s  c l a d e  a l s o  c o n t a i n s  a l l  o f  t h e  s t r a i n s  p r e v i o u s l y
i d e n t i f i e d  a s  A .  l u s i t a n i c u m  a n d  t h a t  t h e s e  s t r a i n s  d o  n o t  f o r m  a  s e p a r a t e  g r o u p  f r o m  t h e
o t h e r  A .  m i n u t u m  s t r a i n s .  I n s t e a d ,  b o t h  g r o u p s  a r e  d i s p e r s e d  t h r o u g h o u t  t h e  c l a d e  a n d  i t s
s u b  c l a d e s  ( F i g .  7 ) .
T h r e e  A .  m i n u t u m  s t r a i n s  d i d  n o t  f a l l  i n t o  e i t h e r  o f  
t h e s e  c l a d e s .  S t r a i n  T k - A l e x
f r o m  J a p a n  b r a n c h e d  p r o x i m a l  t o  t h e  l a r g e r  A .  m i n u t u m  c l a d e ,  w h i l e  s t r a i n s  D - 1 6 3 - C - 5
a n d  D - 1 6 4 - C - 6  b r a n c h e d  b a s a l l y  t o  t h e  l a r g e  A .  m i n u t u m  c l a d e ,  T k  - A l e x ,  a n d  t h e  s m a l l  A .
m i n u t u m  c l a d e .  T h e s e  t w o  s t r a i n s  h a d  i d e n t i c a l  s e q u e n c e ,  a n d  t h e i r  p l a c e m e n t  a s  a
s e p a r a t e  c l a d e  w a s  s u p p o r t e d  w i t h  a  b o o t s t r a p  v a l u e  o f  1 0 0  p e r c e n t .  T h e  g e n e t i c
d i s t a n c e s  b e t w e e n  t h e s e  f o u r  c l a d e s  a r e  h i g h ,  r a n g i n g  f r o m  a  l o w  o f  6 %  b e t w e e n  t h e  t w o
m a i n  c l a d e s  t o  1 1  %  b e t w e e n  t h e  l a r g e s t  c l a d e  a n d  t h e  c l a d e  o f  t h e  t w o  J a p a n e s e  s t r a i n s  D -
1 6 4 - C - 6  a n d  D - 1 6 3 - C - 5 .
T h e  t h r e e  A .  i n s u e t u m  s t r a i n s  f o r m e d  a  h i g h l y  s u p p o r t e d  c l a d e ,  ( b v  9 7 ) ,  w h i c h  w a s
f u r t h e r  d i v i d e d  t o  s e p a r a t e  t h e  t w o  J a p a n e s e  s t r a i n s  f r o m  t h e  F r e n c h  s t r a i n  ( b v  1 0 0 ) .
T h e  f i v e  A .  t a m u t u m  i s o l a t e s  f r o m  I t a l y  f o r m e d  a  w e l l  s u p p o r t e d  c l a d e ,  w i t h  a
b o o t s t r a p  v a l u e  o f  8 9 .  S t r a i n  A M T K - 5  f r o m  T a i w a n ,  w h i c h  d i s p l a y s  t h e  w i d e  6 "  p l a t e  o f
A .  t a m u t u m  w a s  p l a c e d  i m m e d i a t e l y  b a s a l  t o  t h e  I t a l i a n  s t r a i n s .  T h e  s e p a r a t i o n  o f  t h e
T a i w a n e s e  s t r a i n  d i d  n o t  h a v e  h i g h  b o o t s t r a p  s u p p o r t  ( b v  =  6 2 ) ,  b u t  t h e  g e n e t i c  d i s t a n c e
b e t w e e n  s t r a i n  A M T K - 5  a n d  t h e  I t a l i a n  
A .  t a m u t u m  w a s  4 %  c o m p a r e d  t o  t h e  1 - 3 %
d i v e r g e n c e s  t y p i c a l l y  s e e n  w i t h i n  A l e x a n d r i u m  s p e c i e s .
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T h e  s i n g l e  A .  a n d e r s o n i  i s o l a t e  d i d  n o t  b r a n c h  w i t h  a n y  o f  t h e  A .  m i n u t u m  s t r a i n s .
I n s t e a d ,  t h i s  s e q u e n c e  w a s  m o r e  d i s t a n t l y  r e l a t e d  t o  A .  m i n u t u m  t h a n  t h e  A .  o s t e n f e l d i i
o u t g r o u p ,  a s  s e e n  i n  p r i o r  a n a l y s e s  ( L i l l y  e t  a I . ,  2 0 0 3 ) ,  a n d  w a s  u s e d  t o  r o o t  t h e  t r e e  a l o n g
w i t h  t h e  A .  o s t e n f e l d i i  s e q u e n c e s .
T o x i c i t y .
T h e  t o x i c i t y  o f  m a n y  o f  t h e  i s o l a t e s  i n  t h i s  s t u d y  h a s  b e e n  d e t e r m i n e d  f r o m  t h e  l i t e r a t u r e ,
( G u i l o u  e t  a I . ,  2 0 0 2 ;  M a c K e n z i e  a n d  B e r k e t t ,  1 9 9 7 ,  M a c K e n z i e  e t  a I . ,  1 9 9 6 ;  S c h o l i n  e t
a I . ,  1 9 9 4 ;  Z a r d o y a  e t  a I . ,  1 9 9 5 ) ,  a n d  u n p u b l i s h e d  d a t a  ( D .  K u l i s  a n d  A .  B e r a n ,  p e r s .
c o m m . ) .  T o x i c i t y  d a t a  w a s  n o t  a v a i l a b l e  f o r  s e v e r a l  s e q u e n c e s  o b t a i n e d  d i r e c t l y  f r o m
f i e l d  s a m p l e s  ( G u i l o u  e t  a I . ,  2 0 0 2 ) .  A l l  s t r a i n s  w i t h  k n o w n  t o x i c i t y  i n  t h e  A .  t a m u t u m
a n d  A .  i n s u e t u m  g r o u p s  a r e  n o n - t o x i c ,  a s  i s  A .  a n d e r s o n i ,  w h i l e  A .  o s t e n f e l d i i  c o n t a i n e d
t o x i c  s t r a i n s .  T h e  t w o  s m a l l e s t  c l a d e s  w i t h i n  A .  m i n u t u m  c o n t a i n  o n l y  n o n - t o x i c  s t r a i n s ,
a l t h o u g h  i t  i s  n o t a b l e  t h a t  o n l y  t h r e e  s t r a i n s  a r e  k n o w n  f o r  t h e s e  t w o  g r o u p s .  T h e  c l a d e
c o n t a i n i n g  s t r a i n s  f r o m  T a i w a n  a n d  N e w  Z e a l a n d  c o n t a i n s  a l l  t o x i c  s t r a i n s .  T h e  l a r g e s t
A .  m i n u t u m  c l a d e  c o n t a i n s  b o t h  t o x i c  a n d  n o n - t o x i c  s t r a i n s .  T o x i c i t y ,  w h e r e  k n o w n ,  i s
i n d i c a t e d  o n  F i g u r e  9 .
D I S C U S S I O N
T h i s  r e s u l t s  o f  t h i s  p a p e r  i n d i c a t e  t h a t  t h e  m i n u t u m  c o m p l e x  m u s t  b e  r e s t r c t u e d .  T h e
m o r p h o  s p e c i e s  A .  l u s i t a n i c u m  a n d  A .  a n g u s t i t a b u l a t u m  a r e  n o t  v a l i d  a s  s e p a r a t e  s p e c i e s ,
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b o t h  o n  t h e  b a s i s  o f  m o r p h o l o g i c a l  a n d  g e n e t i c  a n a l y s e s .  I t  i s  t h e r e f o r e  r e c o m m e n d e d
t h a t  t h e  u s e  o f  t h e s e  n a m e s  b e  d i s c o n t i n u e d ,  a n d  c u l t u r e s  a n d  o t h e r  m a t e r i a l  p r e v i o u s l y
d e s i g n a t e d  a s  A .  l u s i t a n i c u m  o r  A .  a n g u s t i t a b u l a t u m  b e  r e d e s i g n a t e d  A .  m i n u t u m .
H o w e v e r ,  w h i l e  t h e s e  m o r p h o s p e c i e s  d o  n o t  a p p e a r  t o  b e  v a l i d  s p e c i e s ,  t h e  p h y l o g e n e t i c
a n a l y s i s  d i d  r e v e a l  f o u r  d i s t i n c t  p o p u l a t i o n s  w i t h i n  A .  m i n u t u m ,  w i t h  g e n e t i c  d i s t a n c e s
a m o n g  t h e m  c o m p a r a b l e  t o  t h o s e  a m o n g  o t h e r  A l e x a n d r i u m  s p e c i e s .  T h e  r e c e n t l y
p r o p o s e d  A .  t a m u t u m  d o e s  a p p e a r  t o  b e  a  v a l i d  s p e c i e s ,  s h o w i n g  t r u e  m o r p h o l o g i c a l  a n d
g e n e t i c  d i f f e r e n c e s  f r o m  o t h e r  A .  m i n u t u m  i s o l a t e s ,  a l t h o u g h  t h e  f o u r  A .  t a m u t u m  s t r a i n s
f r o m  I t a l y  t o  n o t  f o r m  a  m o n o p h y l e t i c  c l a d e  w i t h  t h e  m o r p h o l o g i c a l l y  s i m i l a r  A M T K - 5
f r o m  T a w i a n .  A .  i n s u e t u m  i s  a l s o  u p h e l d  a s  a  v a l i d  s p e c i e s ,  a n d  i t  i s  s h o w n  t o  b e  c l o s e l y
r e l a t e d  t o  A .  m i n u t u m  a n d  A .  t a m u t u m .  T h i s  s p e c i e s  s h o u l d  b e  c o n s i d e r e d  p a r t  o f  t h e
m i n u t u m  c o m p l e x .  A .  a n d e r s o n i  a l s o  a p p e a r s  t o  b e  a  s e p a r a t e  s p e c i e s ,  a l t h o u g h  p r e v i o u s
d a t a  a n d  t h i s  s t u d y  b o t h  i n d i c a t e  t h a t  A .  a n d e r s o n i  m a y  n o t  b e  a  m e m b e r  o f  t h e  m i n u t u m
s p e c i e s  g r o u p .
T a x o n o m i c  i m p l i c a t i o n s  o f  m o r p h o l o g y  a n d  p h y l o g e n y .
T h e  i n v a l i d a t i o n  o f  A .  l u s i t a n i c u m  i s  n o t  w i t h o u t  s u p p o r t  f r o m  t h e  l i t e r a t u e .  E n r q u e
B a l e c h ,  w h o  f i r s t  d e s c r i b e d  t h i s  s p e c i e s ,  w r i t e s  i n  h i s  m a n u s c r i p t  o n  t h e  A l e x a n d r i u m
g e n u s  t h a t  " t h e  d i f f e r e n c e s  w i t h  A .  m i n u t u m  a r e  s o  s m a l l  t h a t  t h e  s p e c i e s '  i n d e p e n d e n c e  i s
d o u b t f u l "  ( B a l e c h ,  1 9 9 5 ) .  A f t e r  n o t i n g  t h a t  t h e  " o n l y  t r l y  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c "
i s  t h e  w i d t h  o f  
t h e  a n t e r i o r  s u l c a l  p l a t e ,  B a l e c h  ( 1 9 9 5 )  r e c o m m e n d s  t h a t  s t u d y  o f  t h i s
p l a t e  s h o u l d  b e  e m p h a s i z e d .  H e r e  w e  h a v e  c a r e f u l l y  e x a m i n e d  t h e  a n t e r i o r  s u l c a l  p l a t e s
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o f  o v e r  t w o  d o z e n  A .  m i n u t u m  a n d  A .  l u s i t a n i c u m  i s o l a t e s  a n d  f o u n d  t h e r e  t o  b e  n o
d i f f e r e n c e .  I t  i s  a l s o  o f  n o t e  t h a t  t h e  s t r a i n  G T  P O R T ,  i s o l a t e d  f r o m  O b i d o s  L a g o o n  a n d
g i v e n  a  v a r i e t y  o f  o t h e r  n a m e s  i n c l u d i n g  1 8 - 1 a n d  A - 1 8 ,  i s  t h e  s t r a i n  o r i g i n a l l y  u s e d  b y
B a l e c h  i n  h i s  d e s c r i p t i o n  o f  t h e  A .  l u s i t a n i c u m  ( F r a n c o  e t  a I . ,  1 9 9 5 ) .  W h i l e  t h e  a v e r a g e
l e n g t h : w i d t h  r a t i o  f o r  t h i s  s t r a i n  i s  s l i g h t l y  h i g h e r  t h a n  t h e  a v e r a g e  f o r  a l l  s t r a i n s  ( 1 . 2 7
c o m p a r e d  t o  1 . 1 ) ,  t h e  r a n g e  o f l e n g t h : w i d t h  r a t i o s  i s  g r e a t ,  r a n g i n g  f r o m  0 . 9  t o  1 . 5  ( T a b l e
2 ) .
F r a n c o  e t  a l .  ( 1 9 9 5 )  s t u d i e d  t h i s  s a m e  i s o l a t e ,  1 8 - 1 ,  i n  a d d i t i o n  t o  s i x  i s o l a t e s  o f  A .
m i n u t u m  f r o m  S p a i n  a n d  A u s t r a l i a .  T h e y  e x a m i n e d  t h e  a n t e r i o r  s u l c a l  p l a t e s ,  a n d  a l s o
f o u n d  t h a t  a n  i n d i v i d u a l  c u l t u r e  c o u l d  d i s p l a y  s . a .  p l a t e s  r a n g i n g  f r o m  l o n g e r  t h a n  w i d e  t o
w i d e r  t h a n  l o n g  ( F r a n c o  e t  a I . ,  1 9 9 5 ) ,  t h o u g h  t h e s e  a u t h o r s  f e l t  t h a t  t h e  P o r t g u e s e  s t r a i n ,
t h e  o n l y  A ,  l u s i t a n i c u m  i n  t h e i r  s t u d y ,  h a d  a  l o n g  p l a t e  m o r e  o f t e n  t h a n  t h e  o t h e r  s t r a i n s .
I n  a d d i t i o n  t o  t h e i r  m o r p h o l o g i c a l  w o r k ,  F r a n c o  e t  a i .  ( 1 9 9 5 )  e x a m I n e d  t h e  t o x i n
c o m p o s i t i o n s  o f  e a c h  o f  t h e  s t r a i n s  a n d  c h a r t e d  c h a n g e s  i n  t o x i n  c o m p o s i t i o n  o v e r  t h e
g r o w t h  c u r e  o f  e a c h  c u l t u r e .  A g a i n  t h e y  f o u n d  o n l y  s l i g h t  d i f f e r e n c e s  i n  t h e  P o r t g u e s e
s t r a i n ,  a s  i t  h a d  t h e  s a m e  i n i t i a l  t o x i n  c o m p o s i t i o n  a s  t h e  o t h e r  s t r a i n s ,  b u t  d i d  n o t  v a r y  i n
c o m p o s i t i o n  o v e r  i t s  g r o w t h  c u r v e  w h i l e  t h e  t o x i n  c o m p o s i t i o n  o f  t h e  o t h e r  s t r a i n s  d i d
v a r y  ( F r a n c o  e t  a I . ,  1 9 9 5 ) .  T h e  f i n a l  c o n c l u s i o n  o f  t h e s e  a u t h o r s  w a s  t h a t  A .  l u s i t a n i c u m
p r o b a b l y  w a s  n o t  a  d i s t i n c t  s p e c i e s  f r o m  A .  m i n u t u m .  T h e  s a m e  c o n c l u s i o n  w a s  a l s o
r e a c h e d  b y  Z a r d o y a  e t  a i .  ( 1 9 9 5 ) ,  a l t h o u g h  t h e y  e x a m i n e d  o n l y  a  s i n g l e  s t r a i n  e a c h  o f  A .
l u s i t a n i c u m  a n d  A .  m i n u t u m ,  f r o m  P o r t g a l  a n d  S p a i n ,  r e s p e c t i v e l y .  T h e y  s e q u e n c e d  t w o
1 7 7
s e p a r a t e  r e g i o n s  o f  
t h e  L S U  r D N A ,  t h e  D 1 - D 2  a n d  D 9 - D 1 0  d i v e r g e n t  d o m a i n s ,  a n d
f o u n d  t h a t  t h e  s e q u e n c e s  w e r e  i d e n t i c a l  f o r  a l l  r e g i o n s  e x a m i n e d  ( Z a r d o y a  e t  a I . ,  1 9 9 5 ) .
M e n d o z a  e t  a i .  ( M e n d o z a  e t  a I . ,  1 9 9 5 )  s u p p o r t  t h i s  r e s u l t  w i t h  t h e i r  f i n d i n g  t h a t  a n t i s e r a
d e v e l o p e d  a g a i n s t  t h e  s a m e  t w o  i s o l a t e s  u s e d  b y  Z a r d o y a  e t  a l .  ( 1 9 9 5 )  w e r e  u n a b l e  t o
d i s t i n g u i s h  b e t w e e n  t h e  A .  l u s i t a n i c u m  a n d  A .  m i n u t u m  s t r a i n .
T h e r e  a r e  v e r y  f e w  r e p o r t s  o f  A .  a n g u s t i t a b u l a t u m  i n  t h e  l i t e r a t u r e .  I t  w a s  o r i g i n a l l y
d e s c r i b e d  f r o m  N e w  Z e a l a n d ,  w h e r e  i t  c o - o c c u r s  w i t h  
A .  m i n u t u m  ( B a l e c h ,  1 9 9 5 ) .  A
r e c e n t  s t u d y  i n  D e n m a r k  a n d  o t h e r  E u r o p e a n  l o c a t i o n s  ( H a n s e n  e t  a I . ,  2 0 0 3 )  d o c u m e n t s
t h e  p r e s e n c e  o f  A .  m i n u t u m  c e l l s  t h a t  l a c k  a  v e n t r a l  p o r e .  T h e  a u t h o r s  a l s o  g i v e  e x a m p l e s
o f  v a r i a t i o n  i n  t h e  s h a p e  o f  t h e  l '  p l a t e  w i t h i n  a  s i n g l e  c u l t u r e ,  w i t h  s o m e  c e l l s  d i s p l a y i n g
p a r a l l e l  m a r g i n s  o n  t h e  l '  p l a t e  w h i l e  o t h e r s  d i d  n o t  ( H a n s e n  e t  a I . ,  2 0 0 3 ) .  T h e  a u t h o r s
s u g g e s t  t h a t  b e c a u s e  o f  t h i s  v a r i a t i o n ,  n e i t h e r  t r a i t  c a n  b e  u s e d  t o  c h a r a c t e r i z e  a  s p e c i e s ,
a n d  t h u s  A .  a n g u s t i t a b u l a t u m  m u s t  b e  c o n s p e c i f i c  w i t h  A .  m i n u t u m .  T h e  r e s e a r c h
p r e s e n t e d  h e r e  l e a d s  t o  t h e  s a m e  c o n c l u s i o n .  I t  i s  a l s o  i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e
o r i g i n a l  d e s c r i p t i o n  o f  A .  m i n u t u m  i n c l u d e s  n o  m e n t i o n  o f  a  v e n t r a l  p o r e  ( H a l i m ,  1 9 6 0 ) .
T h e  d e b a t e  o v e r  t h e  t a x o n o m i c  u t i l i t y  o f  t h e  v e n t r a l  p o r e  i s  n o t  a  n e w  i s s u e  i n
A l e x a n d r i u m  t a x o n o m y  T h i s  p o r e  i s  t h e  k e y  d i s t i n g u i s h i n g  t r a i t  b e t w e e n  t w o  o t h e r
s p e c i e s ,  A .  t a m a r e n s e  a n d  A .  f u n d y e n s e  ( B a l e c h ,  1 9 9 5 ) .  G e n e t i c  r e s e a r c h  a n d  o t h e r
m o l e c u l a r  b i o l o g i c a l  t e c h n i q u e s  h a v e  n o t  b e e n  a b l e  t o  s h o w  d i f f e r e n c e s  b e t w e e n  A .
t a m a r e n s e  a n d  A .  f u n d y e n s e  ( e . g .  ( S c h o l i n  a n d  A n d e r s o n ,  1 9 9 4 ;  S c h o l i n  e t  a I . ,  1 9 9 4 ) ,  a n d
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s t r a i n s  o f  A .  t a m a r e n s e  a n d  A .  f u n d y e n s e  h a v e  b e e n  s h o w n  t o  s e x u a l l y  r e p r o d u c e  w i t h  o n e
a n o t h e r  y i e l d i n g  p r o g e n y  t h a t  g e n e r a l l y  d o  n o t  h a v e  a  v e n t r a l  p o r e  ( A n d e r s o n  e t  a I . ,
1 9 9 4 ) .  T h i s  i s  c u r i o u s ,  a s  d i n o f l a g e l l a t e s  a r e  h a p l o i d  i n  t h e i r  v e g e t a t i v e  s t a t e  a n d  t h u s  t h e
p a t t e r n  c a n n o t  b e  e x p l a i n e d  w i t h  s i m p l e  M e n d e l i a n  g e n e t i c s .  E x a c e r b a t i n g  t h i s  d e b a t e  i s
t h e  f a c t  t h a t  t h e  f u n c t i o n  o f  t h i s  p o r e  r e m a i n s  u n o w n .  C o u p l e d  w i t h  t h e  m o r p h o l o g i c a l
a n d  p h y l o g e n e t i c  e v i d e n c e  p r e s e n t e d  h e r e  a n d  i n  o t h e r  p a p e r s ,  i t  s e e m s  t h a t  w e  m u s t
c a r e f u l l y  r e e v a l u a t e  e v e r y  i n s t a n c e  i n  w h i c h  t h e  v e n t r a l  p o r e  i s  u s e d  f o r  t a x o n o m i c
p u r p o s e s .
W h i l e  A .  l u s i t a n i c u m  a n d  A .  a n g u s t i t a b u l a t u m  m a y  n o t  b e  v a l i d  a s  s e p a r a t e  s p e c i e s ,  t h e r e
d o e s  a p p e a r  t o  b e  b o t h  g e n e t i c  a n d  m o r p h o l o g i c a l  v a r i a t i o n  w i t h i n  t h e  A .  m i n u t u m .  T h e
f o u r  c l a d e s  o n  F i g u e  7  a r e  p h y l o g e n e t i c a l l y  q u i t e  d i s t i n c t ,  w i t h  g e n e t i c  d i s t a n c e s  o f  6 -
1 1  % .  W h i l e  t h i s  i s  t h e  f i r s t  s t u d y  t o  s h o w  t h i s  d i f f e r e n c e  w i t h  m o r e  t h a n  a  s i n g l e  s t r a i n ,
o t h e r  w o r k s  h a v e  n o t i c e d  t h e  h i g h  d e g r e e  o f  s e q u e n c e  d i v e r g e n c e  b e t w e e n  s t r a i n  A m A B
f r o m  N e w  Z e a l a n d  a n d  o t h e r  A .  m i n u t u m  i s o l a t e s ,  w h i c h  c a n  b e  u p  t o  6 % ,  c o m p a r e d  t o
t h e  0 - 2 %  d i v e r g e n c e  s e e n  a m o n g  i s o l a t e s  o f  
t h e  l a r g e r  A .  m i n u t u m  c l a d e  ( t h i s  s t u d y  a n d
H a n s e n  e t  a I . ,  2 0 0 3 ;  N a s c i m e n t o  e t  a I . ,  2 0 0 3 ) .  A  s t u d y  o f A l e x a n d r i u m  m i n u t u m  s t r a i n s
f r o m  A u s t r a l i a  a n d  N e w  Z e a l a n d  s h o w s  t h a t  t h e  s t r a i n s  f r o m  N e w  S o u t h  W a l e s ,  i n
w e s t e r n  A u s t r a l i a ,  a n d  N e w  Z e a l a n d  d i f f e r  s u b s t a n t i a l l y  f r o m  t h e  r e m a i n i n g  A u s t r a l i a n
s t r a i n s  b a s e d  u p o n  5 . 8 s  r D N A  a n d  I T S  s e q u e n c e s  a n d  t o x i n  c o m p o s i t i o n a l  d a t a  ( d e  S a l a s
e t  a I . ,  2 0 0 1 ) .  A s  t h i s  s t u d y  a n d  t h e  c u r r e n t  s t u d y  h a v e  t w o  s t r a i n s  i n  c o m m o n ,  A M A D 0 6
a n d  A M N Z 0 1  ( c a l l e d  A M C W D 1 3  b y  d e  S a l a s  e t  a l . ) ,  w e  c a n  e q u a t e  t h e  e a s t e r n  " t r a n s -
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T a s m a n "  g r o u p  i d e n t i f i e d  b y  d e  S a l a s  e t  a i .  ( 2 0 0 1 )  t o  t h e  N e w  Z e a l a n d - T a i w a n  c l a d e
f o u n d  i n  o u r  a n a l y s e s ,  w h i l e  t h e i r  w e s t e r n  A u s t r a l i a n  g r o u p  c o r r e s p o n d s  t o  o u r  l a r g e r
g l o b a l l y  d i s t r i b u t e d  c l a d e .
T h e  g e n e t i c  d i s t i n c t i o n  b e t w e e n  t h e  f o u r  A .  m i n u t u m  c l a d e s  i s  c l e a r .  T h e  r e m a i n i n g
q u e s t i o n  t o  b e  a n s w e r e d  i s  w h e t h e r  t h e  c l a d e s  r e p r e s e n t  s u b g r o u p s  o f  a  s i n g l e  s p e c i e s
w h e t h e r  e a c h  c l a d e  r e p r e s e n t s  a  s e p a r a t e  t a x o n .  T h e  g e n e t i c  d i s t a n c e s  a m o n g  t h e  c l a d e s
o f  6 - 1 1  %  a r e  c o m p a r a b l e  t o  g e n e t i c  d i s t a n c e s  b e t w e e n  o t h e r  s p e c i e s  A l e x a n d r i u m ,  s u c h
a s  A .  t r o p i c a l e  a n d  A .  t a m i y a v a n i c h i i  a t  6 %  a n d  A .  a f f n e  ( s e e  C h a p t e r  I I I )  a n d  A .
o s t e n f e l d i i  a n d A .  a n d e r s o n i  a t  1 3 %  ( t h i s  s t u d y ,  d a t a  n o t  s h o w n )  a n d  t o  d i s t a n c e s  a m o n g
s p e c i e s  o f  o t h e r  G o n y a u l a c o i d  g e n e r a  w h i c h  r a n g e  f r o m  6 - 2 3 %  ( E l l e g a a r d  e t  a I . ,  2 0 0 3 ;
M o n t r e s o r  e t  a I . ,  2 0 0 3 ) .
F o r  t w o  o f t h e s e  c l a d e s ,  t h e r e  i s  m o r p h o l o g i c a l  e v i d e n c e  t o  s u p p o r t  t h e i r  e r e c t i o n  a s  n e w
s p e c i e s .  T k  A l e x  d i s p l a y s  a n  e x t r e m e l y  s m a l l  l '  p l a t e  a n d  o t h e r  u n i q u e  c h a r a c t e r i s t i c s
w h i l e  t h e  t w o  A .  m i n u t u m  s t r a i n s  w h i c h  f a l l  b a s a l  t o  t h e  o t h e r  A .  m i n u t u m  i s o l a t e s  i n  t h e
p h y l o g e n e t i c  a n a l y s i s ,  D - 1 6 3 - C - 5  a n d  D - 1 6 4 - C - 6  ( F i g .  7 ) ,  s h o w  d e g r e e  o f  r e t i c u l a t i o n
o n  t h e  h y p o t h e c a l  p l a t e s ,  w h i c h  i s  s t r o n g e r  t h a n  a n y  o b s e r v e d  s a v e  f o r  A .  i n s u e t u m .  D r .
M .  Y o s h i d a  i s  c u r r e n t l y  p r e p a r i n g  a  m a n u s c r i p t  t o  d e s c r i b e  t h e s e  s p e c i e s ,  a n d
r e c o m m e n d s  t h a t  w e  t e r m  t h e m  A .  s p .  9 2 T  ( T k - A l e x )  a n d  A .  s p .  u n t i l  h i s  m a n u s c r i p t  i s
c o m p l e t e .
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T h e r e  i s  n o  m o r p h o l o g i c a l  d a t a  t o  s u p p o r t  a  d i s t i n c t i o n  b e t w e e n  t h e  t w o  l a r g e  g r o u p s  o f
A .  m i n u t u m  s t r a i n s  b a s e d  o n  t h e  c h a r a c t e r s  s c o r e d  i n  t h i s  s t u d y  a n d  d a t a  f r o m  t h e
l i t e r a t u e  ( M a c K e n z i e  a n d  B e r k e t t ,  1 9 9 7 ) .  H o w e v e r ,  t h i s  d o e s  n o t  m e a n  t h a t  t w o  g r o u p s
r e p r e s e n t  a  s i n g l e  s p e c i e s .  P h y l o g e n e t i c  s u p p o r t  o f  
t h e  s e p a r a t i o n  o f  t h e s e  g r o u p s  a s
s e p a r a t e  s p e c i e s  c o m e s  f r o m  b o t h  t h e  g e n e t i c  d i s t a n c e  ( 6 % )  a n d  t h e  f a c t  t h a t  T k - A l e x ,
w h i c h  d o e s  s e e m  t o  b e  a  s e p a r a t e  s p e c i e s ,  i s  p o s i t i o n e d  b e t w e e n  t h e s e  c l a d e s .
C r y p t i c  s p e c i e s  a r e  n o t  u n k o w n  a m o n g  p r o t i s t s .  T a y l o r  ( 1 9 9 3 )  g i v e s  a  r e v i e w  o f  c r y p t i c
s p e c i e s  w i t h i n  t h e  c i l i a t e s  P a r a m e c i u m  a n d  T e t r a h y m e n a  a n d  t h e  g r e e n  a l g a  P a n d o r i n a
w h i c h  a r e  r e c o g n i z a b l e  b a s e d  o n  e n z y m e  e l e c t r o p h o r e s i s .  W i t h i n  d i n o f l a g e l l a t e s ,  c r y t i c
s p e c i e s  h a v e  b e e n  i d e n t i f i e d  w i t h i n  C r y p t h e c o d i n i u m  c o h n i i  t h r o u g h  m a t i n g  s t u d i e s
( T a y l o r ,  1 9 9 3 ) .  R e c e n t l y ,  M o n t r e s o r  e t  a l .  ( 2 0 0 3 )  h a v e  d e s c r i b e d  c r y p t i c  s p e c i e s  a m o n g
i s o l a t e s  a l l  m o r p h o l o g i c a l l y  b e l o n g i n g  t o  S c r i p p s i e l l a  t r o c h o i d e a .  U s i n g  r i b o s o m a l  D N A
I T S  s e q u e n c e s ,  t h e  S .  t r o c h o i d e a  s t r a i n s  w e r e  s e p a r a t e d  i n t o  e i g h t  c l a d e s  w i t h  g e n e t i c
d i s t a n c e s  t h a t  w e r e  c o m p a r a b l e  t o  v a r i a t i o n  a m o n g  o t h e r  s p e c i e s  o f  m o r p h o l o g i c a l l y
d i s t i n c t  S c r i p p s i e l l a .  S o m e  o f  t h e s e  c l a d e s  c o u l d  b e  d i s t i n g u i s h e d  b a s e d  o n  m i n o r
m o r p h o l o g i c a l  c h a r a c t e r s ,  m u c h  a s  o u r  A .  s p .  9 2 T  a n d  A .  s p .  c a n  b e  d i s t i n g u i s h e d ,  w h i l e
o t h e r  c l a d e s  c o n t a i n e d  m o r p h o l o g i c a l l y  i d e n t i c a l  s t r a i n s ,  a s  d o  o u r  t w o  m a i n  A .  m i n u t u m
c l a d e s .
W e  p r o p o s e  t h a t  e a c h  o f  
t h e  f o u r  c l a d e s  w i t h i n A .  m i n u t u m  b e  g i v e n  s p e c i e s - l e v e l  s t a t u s .
A .  s p .  9 2 T  a n d  A .  s p .  w i l  b e  d e s c r i b e d  b y  M .  Y o s h i d a .  T h e  n a m e  A .  m i n u t u m  s h o u l d
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b e l o n g  t o  t h e  l a r g e s t  c l a d e ,  a s  s t r a i n s  f r o m  t h e  M e d i t e r r a n e a n ,  t h e  t y e  l o c a l i t y  o f  A .
m i n u t u m ,  f a l l  w i t h i n  t h i s  c l a d e .  F o r  t h e  r e m a i n i n g  c l a d e  w e  p r o p o s e  t h e  n a m e
A l e x a n d r i u m  p a c i f c a ,  a s  a l l  e i g h t  s t r a i n s  a r e  f r o m  t h e  P a c i f i c  r e g i o n ,  E a c h  c l a d e  h a s
b e e n  n a m e d  a c c o r d i n g l y  o n  F i g u r e  8 .
T h e  r e c e n t l y  p r o p o s e d  n e w  s p e c i e s  A .  t a m u t u m  ( M o n t r e s o r  e t  a I . ,  2 0 0 2 )  i s  c e r t a i n l y  a
s p e c i e s  s e p a r a t e  f r o m  A .  m i n u t u m .  T h e  A .  t a m u t u m  i s o l a t e s  d i f f e r e d  m o r p h o l o g i c a l l y
f r o m  o t h e r  A .  m i n u t u m  i s o l a t e s  a n d  a r e  p h y l o g e n e t i c a l l y  s e p a r a t e d  f r o m  A .  m i n u t u m
s t r a i n s  b y  t h e  A .  i n s u e t u m  s t r a i n s .  T h e  v a l i d i t y  o f  A .  i n s u e t u m  a s  a  s e p a r a t e  s p e c i e s  h a s
n o t  b e e n  q u e s t i o n e d ,  a n d  t h u s  i t s  p l a c e m e n t  b e t w e e n  A .  m i n u t u m  a n d  A .  t a m u t u m  i s
s t r o n g  e v i d e n c e  f o r  t h e  s p e c i e s  s t a t u s  o f  A .  t a m u t u m .  I t  i s  a l s o  o f  n o t e  t h a t  t h e  A .
t a m u t u m  s t r a i n s  a r e  a l l  n o n - t o x i c  ( A .  B e r a n ,  p e r s o n a l  c o m m u n i c a t i o n ) ,  w h i l e  A .  m i n u t u m
c o n t a i n s  b o t h  t o x i c  a n d  n o n - t o x i c  s t r a i n s .  T h e  a b i l i t y  t o  d i s t i n g u i s h  n o n - h a r m f u l  b l o o m s
o f  A .  t a m u t u m  f r o m  p o t e n t i a l l y  d a n g e r o u s  b l o o m s  o f  A .  m i n u t u m  b y  m o r p h o l o g i c a l  a n d
g e n e t i c  m e t h o d s  c o u l d  b e  q u i t e  v a l u a b l e  f o r  t h e  s h e l l f i s h  i n d u s t r i e s  i n  t h e  A d r i a t i c .
F i n a l l y ,  t h e  i n c l u s i o n  o f  A .  i n s u e t u m  a s  a  m e m b e r  o f  
t h e  m i n u t u m  g r o u p  i s  J u s t i f i e d  b o t h
o n  m o r p h o l o g i c a l  a n d  p h y l o g e n e t i c  g r o u n d s .  E x c e p t  f o r  t h e  c o n n e c t i o n  a n d  s h a p e  o f  t h e
l '  p l a t e  a n d  t h e  s t r o n g  d e g r e e  o f  r e t i c u l a t i o n ,  A .  i n s u e t u m  i s  m o r p h o l o g i c a l l y  s i m i l a r  t o
t h e  A .  m i n u t u m  a n d  A .  t a m u t u m  s t r a i n s  e x a m i n e d .  T h e  c o m p l e t e  d i s c o n n e c t i o n  o f  t h e  1  '
p l a t e  w a s  u s e d  b y  B a l e c h  t o  d e f i n e  t h e  s u b g e n u s  G e s s n e r i u m ,  y e t  t h i s  s u b g e n u s  i s  n o t
r e c o v e r a b l e  b y  g e n e t i c  m e c h a n i s m s  ( L i l y  e t  a I . ,  2 0 0 3 ) .  H o w e v e r ,  t h i s  f e a t u r e  d o e s
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a p p e a r  t o  h a v e  t a x o n o m i c  u t i l i t y ,  a s  t h e  c o m p l e t e  d i s c o n n e c t i o n  o f  t h e  l '  p l a t e  f r o m  t h e
P o  a n d  t h e  s h o r t e n e d  l '  p l a t e  w e r e  n o t  s e e n  i n  a n y  i s o l a t e s  o t h e r  t h a n  A .  i n s u e t u m  w i t h i n
t h i s  s t u d y
T o x i c i t y .
W i t h i n  t h e  t a m a r e n s i s  c o m p l e x ,  t h u s  f a r  e a c h  o f  t h e  f i v e  m a j o r  p h y l o g e n e t i c  l i n e a g e s
c o n t a i n s  e i t h e r  a l l  t o x i c  o r  a l l  n o n - t o x i c  s t r a i n s  ( C h a p t e r  I I I  a n d  S c h o l i n  e t  a I . ,  1 9 9 4 ) .
T h i s  d o e s  n o t  a p p e a r  t o  b e  t h e  c a s e  w i t h i n  a l l  o f  t h e  m i n u t u m  g r o u p  s p e c i e s .  W h i l e  A .  s p .
9 2 T  a n d  A .  s p .  a r e  b o t h  n o n - t o x i c ,  t h e s e  s p e c i e s  a r e  r e p r e s e n t e d  b y  a  s i n g l e  i s o l a t e s  a n d
o n l y  t w o  i s o l a t e s  r e s p e c t i v e l y .  A ,  p a c i f c a  c o n t a i n s  e i g h t  r e p r e s e n t a t i v e s ,  a l l  o f  
w h i c h  a r e
t o x i c .  A .  m i n u t u m ,  h o w e v e r ,  h a s  t h e  m o s t  r e p r e s e n t a t i v e s  i n  t h e  c u r r e n t  s t u d y  a n d
i n c l u d e s  b o t h  t o x i c  a n d  n o n - t o x i c  i s o l a t e s  ( F i g .  9 ) ,  w h i c h  i s  s o m e  c a s e s  s h o w  n o  b a s e  p a i r
d i f f e r e n c e s  i n  t h e  D 1 - D 2  L S U  r D N A .  R e c e n t l y ,  a  s u b c 1 0 n e  o f  
t h e  i s o l a t e  G T  P O R T  w a s
s h o w n  t o  h a v e  l o s t  t o x i c i t y  w h i l e  i n  c u l t u r e ,  y e t  o t h e r  s u b c 1 0 n e s  o f  t h i s  s a m e  s t r a i n  h a v e
r e t a i n e d  t h e i r  t o x i c i t y  ( M a r t i n s  e t  a I . ,  2 0 0 2 ) .  T h i s  t y e  o f  t o x i c i t y  l o s s  h a s  n o t  b e e n  s e e n
i n  A l e x a n d r i u m  p r e v i o u s l y ,  a n d  t h e  r e a s o n s  f o r  i t s  o c c u r r e n c e  a r e  n o t  y e t  u n d e r s t o o d .  I t
r e m a i n s  t o  b e  d e t e r m i n e d  w h e t h e r  t h e r e  m e c h a n i s m  f o r  a c q u i r i n g  o r  l o o s i n g  t o x i c i t y  i n  A .
m i n u t u m  d i f f e r s  f r o m  t h a t  o f  o t h e r  A l e x a n d r i u m .
B i o g e o g r a p h i c  i m p l i c a t i o n s .
T h e  s e q u e n c e  h o m o g e n e i t y  b e t w e e n  t h e  E u r o p e a n  a n d  A u s t r a l i a n  s t r a i n s  m a y  p r o v i d e
u s e f u l  i n f o r m a t i o n  o n  t h e  h i s t o r i c  d i s p e r s a l  o f  A .  m i n u t u m .  d e  S a l a s  e t  a i .  ( 2 0 0 1 )
1 8 3
h y p o t h e s i z e  t h a t  A .  m i n u t u m  ( = A .  p a c i f c a )  f r o m  N e w  S o u t h  W a l e s  a n d  N e w  Z e a l a n d
m a y  b e  n a t i v e  t o  t h e  s o u t h e r n  P a c i f i c ,  w h i l e  t h e  A .  m i n u t u m  s t r a i n s  f o u n d  i n  w e s t e r n
A u s t r a l i a  c o u l d  b e  i n t r o d u c e d .  T h e  s i m i l a r - t o - i d e n t i c a l  s e q u e n c e s  o f  A u s t r a l i a n  a n d
E u r o p e a n  s t r a i n s  m a y  i n  f a c t  i n d i c a t e  a  E u r o p e a n  o r i g i n  f o r  t h e s e  p o p u l a t i o n s .
T h e  h i g h  d e g r e e  o f  h o m o g e n e i t y  w i t h i n  t h e  A .  m i n u t u m  c l a d e  m a k e s  i t  i m p o s s i b l e  t o
t r a c k  t h e  s p r e a d  o f  A .  m i n u t u m  t h r o u g h  E u r o p e  u s i n g  D  1 -  D 2  s e q u e n c e  d a t a .  W e  c a n
d e t e r m i n e  o n l y  t h a t  a l l  o f  t h e  E u r o p e a n  A .  m i n u t u m  a r e  c l o s e l y  r e l a t e d ,  a n d  m a y  o r i g i n a t e
f r o m  t h e  s a m e  a n c e s t r a l  p o p u l a t i o n .  A  d i f f e r e n t ,  m u c h  m o r e  r a p i d l y  e v o l v i n g ,  g e n e t i c
m a r k e r  m u s t  b e  f o u n d  t o  d i s c r i m i n a t e  a m o n g  t h e  E u r o p e a n  s t r a i n s .
T A X O N O M I C  A P P E N D I X
A l e x a n d r i u m  p a c i f c a  L i l l y  s p .  n o v o
C l a s s  D i n o p h y c e a e  P a s c h e r  1 9 1 4
O r d e r  G o n y a u l a c a l e s  T a y l o w  1 9 8 0
F a m i l y  G o n y a u l a c a c e a e  L i n d e m a n n  1 9 2 8
G e n u s  A l e x a n d r i u m  H a l i m  1 9 6 0
T y p e  l o c a l i t y :  N e w  Z e a l a n d
E t y m o l o g y '  N a m e d  f o r  t h e  P a c i f i c  O c e a n ,  f r o m  w h i c h  a l l  k n o w n  s t r a i n s  o r i g i n a t e .
1 8 4
A C K N O W L E D G E M E N T S
T h i s  w o r k  w o u l d  n o t  h a v e  b e e n  p o s s i b l e  w i t h o u t  t h e  g e n e r o u s  c o n t r i b u t i o n s  o f  s e d i m e n t
a n d  c u l t u r e s  b y  r e s e a r c h  f r o m  m a n y  c o u n t r i e s .  F u n d i n g  w a s  p r o v i d e d  i n  p a r t  b y  N O A A
G r a n t s  N o .  N A 9 6 0 P 0 0 9 9 ,  N A 1 6 0 P 1 4 3 8 ,  N S F  G r a n t s  N o .  O C E - 9 8 0 8 1 7 3 ,  O C E -
9 4 1 5 5 3 6 ,  a n d  a  G r a d u a t e  R e s e a r c h  F e l l o w s h i p  f r o m  t h e  N S F .  T h i s  e f f o r t  w a s  s u p p o r t e d
b y  t h e  U . S .  E C O H A B  P r o g r a m  s p o n s o r e d  b y  N O A A ,  t h e  U . S .  E P A ,  N S F ,  N A S A  a n d
O N R .
1 8 5
T a b l e  1  C u l t u r e  c o d e ,  m o r p h o  
s p e c i e s ,  o r i g i n ,  G e n B a n k  a c c e s s i o n  n u m b e r  a n d
p u b l i c a t i o n  r e f e r e n c e  f o r  s e q u e n c e s  u s e d  i n  t h i s  s t u d y
1 8 6
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t h e  v e n t r a l  p o r e ,  -  =  n o  p o r e  p r e s e n t ,  H +  =  p o r e
l o c a t e d  a t  t h e  a n t e r i o r  e n d  o f  
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1 0 0  A M A D 0 1  A .  m i n u t u m  A u s t r a l i a
G T P O R T  A .  l u s i t a n i c u m  P o r t u g a l
A L  1 V  A .  m i n u t u m  S p a i n
A I 1 8 V  A .  l u s i t a n i c u m  P o r t u g a l
A L 9 T  A .  m i n u t u m  I t a l y
A M 8 9 B M  A .  m i n u t u m  F r a n c e
6 3  A M 9 9 P Z  A .  m i n u t u m  F r a n c e
X 2 0  A .  m i n u t u m  F r a n c e
A M 3  A .  m i n u t u m  F r a n c e
A L 8 T  A .  l u s i t a n i c u m  I t a l y
7 0  A L  1 1  A .  l u s i t a n i c u m  I t a l y
A M F L  A .  m i n u t u m  E n g l a n d
A M 1  A .  m i n u t u m  F r a n c e
9 5 / 1  A .  m i n u t u m  F r a n c e
9 1 / 2  A .  m i n u t u m  F r a n c e
9 5 / 4  A .  m i n u t u m  F r a n c e
A M I R 3  A .  m i n u t u m  I r e l a n d
A M I R 1  A .  m i n u t u m  I r e l a n d
A T 4 T  A .  m i n u t u m  I t a l y
A M 2  A .  m i n u t u m  F r a n c e
X 1 3  A .  m i n u t u m  F r a n c e
A L 5 T  A .  l u s i t a n i c u m  I t a l y
T k  A l e x  A .  m i n u t u m  J a p a n
D - 1 6 4 - C - 6  A .  m i n u t u m  J a p a n
1  D - 1 6 3 - C - 5  A .  m i n u t u m  J a p a n
I  A .  ; n s u e t u m
1 0 0
9 7
1 0 0
6 2
A I 1 0 4  A .  i n s u e t u m  J a p a n
D - 1 5 5 - B - 1  A .  i n s u e t u m  J a p a n
X 6  A .  i n s u e t u m  F r a n c e
A 5 t  A .  t a m u t u m  I t a l y
A L 2 T  A .  t a m u t u m  I t a l y
8 9  A B / 2  A .  t a m u t u m  I t a l y
A 3 t  A .  t a m u t u m  I t a l y
C 7 / 2  A .  t a m u t u m  I t a l y
A M T K - 5  A .  t a m u t u m  T a i w a n
A O N Z 0 4  A .  o s t e n e l d i i  N e w  Z e a l a n d  1
K - 0 2 8 7  A .  o s t e n e l d i i  D e n m a r k  A .  o s t e n f e l d i i
H T 1 4 0 - E 4  A .  o s t e n e l d i i  U S A
A .  t a m u t u m
-  0 . 0 0 5  s u b s t i t u t i o n s / s i t e
2 0 5
A .  m ; n u t u m l
A .  l u s ; t a n ; c u m
A .  a n d e r s o n ;
G T T C 0 2  A .  a n d e r s o n i  U S A
A M B O P 0 1 4  A .  m i n u t u m  N e w  Z e a l a n d
A m A B  A .  m i n u t u m  N e w  Z e a l a n d
6 1  A M N Z 0 1  A .  m i n u t u m  N e w  Z e a l a n d
A M N Z 0 3  A .  m i n u t u m  N e w  Z e a l a n d
A M N Z 0 2  A .  m i n u t u m  N e w  Z e a l a n d
A M B O P 0 0 6  A .  m i n u t u m  N e w  Z e a l a n d
T M L - 4 2  A .  m i n u t u m  T a i w a n
6 6  A M T K - 1  A .  m i n u t u m  T a i w a n
A L 2 V  A .  l u s i t a n i c u m  I t a l y
L A C 2 7  A .  l u s i t a n i c u m  I t a l y
A M A D 0 6  A .  m i n u t u m  A u s t r a l i a
1 0 0  A M A D 0 1  A .  m i n u t u m  A u s t r a l i a
G T P O R T  A .  l u s i t a n i c u m  P o r t u g a l
A L  1  V  A .  m i n u t u m  S p a i n
A I 1 8 V  A .  l u s i t a n i c u m  P o r t u g a l
A L 9 T  A .  l u s i t a n i c u m  I t a l y
A M 8 9 B M  A .  m i n u t u m  F r a n c e
6 3  A M 9 9 P Z  A .  m i n u t u m  F r a n c e
X 2 0  A .  m i n u t u m  F r a n c e
A M 3  A .  m i n u t u m  F r a n c e
A L 8 T  A .  l u s i t a n i c u m  I t a l y
A L  1 T  A .  l u s i t a n i c u m  I t a l y
A M F L  A .  m i n u t u m  E n g l a n d
A M 1  A .  m i n u t u m  F r a n c e
9 5 / 1  A .  m i n u t u m  F r a n c e
9 1 / 2  A .  m i n u t u m  F r a n c e
9 5 / 4  A .  m i n u t u m  F r a n c e
A M I R 3  A .  m i n u t u m  I r e l a n d
A M I R 1  A .  m i n u t u m  I r e l a n d
A T 4 T  A .  l u s i t a n i c u m  I t a l y
A M 2  A .  m i n u t u m  F r a n c e
X 1 3  A .  m i n u t u m  F r a n c e
A L 5 T  A .  l u s i t a n i c u m  I t a l y
T k  A l e x  A .  m i n u t u m  J a p a n
D - 1 6 4 - C - 6  A .  m i n u t u m  J a p a n
1  D - 1 6 3 - C - 5  A .  m i n u t u m  J a p a n
A .  i n s u e t u m
1 0 0
9 7
7 0
1 0 0
6 2
A I 1  0 4  A .  i n s u e t u m  J a p a n
D - 1 5 5 - B - 1  A .  i n s u e t u m  J a p a n
X 6  A .  i n s u e t u m  F r a n c e
A 5 t  A .  t a m u t u m  I t a l y
A L 2 T  A .  t a m u t u m  I t a l y
8 9  A B / 2  A .  t a m u t u m  I t a l y
A 3 t  A .  t a m u t u m  I t a l y
C 7 / 2  A .  t a m u t u m  I t a l y
A M T K - 5  A .  t a m u t u m  T a i w a n
A O N Z 0 4  A .  o s t e n e l d i i  N e w  Z e a l a n d  1
K - 0 2 8 7  A .  o s t e n e l d i i  D e n m a r k  A .  o s t e n f e l d i i
H T 1 4 0 - E 4  A .  o s t e n e l d i i  U S A
A .  t a m u t u m
-  0 . 0 0 5  s u b s t i t u t i o n s / s i t e
2 0 6
A .  m i n u t u m l
A .  l u s i t a n i c u m
A .  a n d e r s o n i
G T T C 0 2  A .  a n d e r s o n i  U S A
1 0 0
A M B O P 0 1 4  A  m i n u t u m  N e w  Z e a l a n d
A m A B  A  m i n u t u m  N e w  Z e a l a n d
6 1  A M N Z 0 1  A  m i n u t u m  N e w  Z e a l a n d
A M N Z 0 3  A  m i n u t u m  N e w  Z e a l a n d
A M N Z 0 2  A  m i n u t u m  N e w  Z e a l a n d
A M B O P 0 0 6  A  m i n u t u m  N e w  Z e a l a n d
T M L - 4 2  A  m i n u t u m  T a i w a n
A M T K - 1  A  m i n u t u m  T a i w a n
A L 2 V  A  l u s i t a n i c u m  I t a l y
L A C 2 7  A  l u s i t a n i c u m  I t a l y
A L  1  V  A  m i n u t u m  S p a i n
A I 1 8 V  A  l u s i t a n i c u m  P o r t u g a l
A L 9 T  A  l u s i t a n i c u m  I t a l y
A M 8 9 B M  A  m i n u t u m  F r a n c e
A M 9 9 P Z  A  m i n u t u m  F r a n c e
X 2 0  A  m i n u t u m  F r a n c e
A M 3  A  m i n u t u m  F r a n c e
A L 8 T  A  l u s i t a n i c u m  I t a l y
A L  1 T  A  l u s i t a n i c u m  I t a l y
A M F L  A  m i n u t u m  E n g l a n d
A M 1  A  m i n u t u m  F r a n c e
9 5 / 1  A  m i n u t u m  F r a n c e
7 0  9 1 / 2  A  m i n u t u m  F r a n c e
9 5 / 4  A  m i n u t u m  F r a n c e
A M I R 3  A  m i n u t u m  I r e l a n d
A M I R 1  A  m i n u t u m  I r e l a n d
A T 4 T  A  l u s i t a n i c u m  I t a l y
A M 2  A  m i n u t u m  F r a n c e
X 1 3  A  m i n u t u m  F r a n c e
A L 5 T  A  l u s i t a n i c u m  I t a l y
A M A D 0 6  A  m i n u t u m  A u s t r a l i a
A M A D 0 1  A  m i n u t u m  A u s t r a l i a
G T P O R T  A  m i n u t u m  P o r t u g a l
T k - A l e x  A m i n u t u m  J a p a n
D - 1 6 4 - C - 6  A  m i n u t u m  J a p a n
D - 1 6 3 - C - 5  A  m i n u t u m  J a p a n
A .  m i n u t u m /
A .  l u s i t a n i c u m
A I 1 0 4  A  i n s u e t u m  J a p a n  1
D - 1 5 5 - B - 1  A  i n s u e t u m  J a p a n  A .  i n s u e t u m
X 6  A  i n s u e t u m  F r a n c e
A 5 t  A  t a m u t u m  I t a l y  1
A L 2 T  A  t a m u t u m  I t a l y
8 9  A B / 2  A  t a m u t u m  I t a l y  A .  t a m u t u m
A 3 t  A  t a m u t u m  I t a l y
C 7 / 2  A  t a m u t u m  I t a l y
A M T K - 5  A  t a m u t u m  T a i w a n
A O N Z 0 4  A  o s t e n e l d i i  N e w  Z e a l a n d  1
K - 0 2 8 7  A  o s t e n e l d i i  D e n m a r k  A .  o s t e n f e l d i i
H T 1 4 0 - E 4  A  o s t e n e l d i i  U S A
A .  a n d e r s o n i
G T T C 0 2  A  a n d e r s o n i  U S A
_  0 , 0 0 5  s u b s t i t u t i o n s / s i t e
2 0 7
F i g u r e  8 .  P r o p o s e d  n e w  t a x o n o m i c  s t r u c t u e  a s  c o m p a r e d  t o  p h y l o g e n y .  P r e v i o u s
m o r p h o  s p e c i e s  d e s i g n a t i o n s  a r e  i n d i c a t e d  a f t e r  e a c h  s t r a i n :  M  =  p r e v i o u s l y  i d e n t i f i e d  a s
A .  m i n u t u m ,  L  =  p r e v i o u s l y  i d e n t i f i e d  a s  A .  l u s i t a n i c u m .  B o o t s t r a p  v a l u e s  a r e  s h o w n
b e h i n d  r e l e v a n t  n o d e s .
2 0 8
A M B O P 0 1 4  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A m A B  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
6 1  A M N Z 0 1  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A M N Z 0 3  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A M N Z 0 2  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A M B O P 0 0 6  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
6 6  T M L - 4 2  A .  p a c i f i c a  T a i w a n ,  M
A M T K - 1  A .  p a c i f i c a  T a i w a n ,  M
A L 2 V  A .  m i n u t u m  S p a i n ,  L
L A C 2 7  A .  m i n u t u m  I t a l y ,  L
A M A 0 0 6  A .  m i n u t u m  A u s t r a l i a ,  M
1 0 0  A M A 0 0 1  A .  m i n u t u m  A u s t r a l i a ,  M
G T P O R T  A .  m i n u t u m  P o r t u g a l ,  L
A L  1 V  A .  m i n u t u m  S p a i n ,  M
A I 1 8 V  A .  m i n u t u m  P o r t u g a l
A L 9 T  A .  m i n u t u m  I t a l y ,  L
A M 8 9 B M  A .  m i n u t u m  F r a n c e ,  M
6 3  A M 9 9 P Z  A .  m i n u t u m  F r a n c e  M
X 2 0  A .  m i n u t u m  F r a n c e ,  M
A M 3  A .  m i n u t u m  F r a n c e ,  M
A L 8 T  A .  m i n u t u m  I t a l y ,  L
7 0  A L  1 T  A .  m i n u t u m  I t a l y ,  L
A M F L  A .  m i n u t u m  E n g l a n d ,  M
A M 1  A .  m i n u t u m  F r a n c e ,  M
9 5 / 1  A .  m i n u t u m  F r a n c e ,  M
9 1 / 2  A .  m i n u t u m  F r a n c e ,  M
9 5 / 4  A .  m i n u t u m  F r a n c e ,  M
A M I R 3  A .  m i n u t u m  I r e l a n d ,  M
A M I R 1  A .  m i n u t u m  I r e l a n d ,  M
A T 4 T  A .  m i n u t u m  I t a l y ,  L
A M 2  A .  m i n u t u m  F r a n c e ,  M
X 1 3  A .  m i n u t u m  F r a n c e ,  M
A L 5 T  A .  m i n u t u m  I t a l y ,  L
T k  A l e x  A .  s p .  9 2 T  J a p a n ,  M  A .  S p .  9 2 T
0 - 1 6 4 - C - 6  A .  s p .  J a p a n ,  M ' l  A
1  0 - 1 6 3 - C - 5  A .  s p .  J a p a n ,  M I .  S p .
J  A .  i n s u e t u m
A I 1 0 4  A .  i n s u e t u m  J a p a n
0 - 1 5 5 - B - 1  A .  i n s u e t u m  J a p a n
X 6  A .  i n s u e t u m  F r a n c e
A S t  A .  t a m u t u m  I t a l y
A L 2 T  A .  t a m u t u m  I t a l y
8 9  A B / 2  A .  t a m u t u m  I t a l y
A 3 t  A .  t a m u t u m  I t a l y
C 7 / 2  A .  t a m u t u m  I t a l y
A M T K - 5  A .  t a m u t u m  T a i w a n
A O N Z 0 4  A .  o s t e n e / d i i  N e w  Z e a l a n d  1
K - 0 2 8 7  A .  o s t e n e / d i i  D e n m a r k  A .  o s t e n f e l d i i
H T 1 4 0 - E 4  A .  o s t e n e / d i i  U S A
1 0 0
6 2
-  0 . 0 0 5  s u b s t i t u t i o n s / s i t e
9 7
1 0 0
A .  t a m u t u m
2 0 9
A .  p a c i f i c a
A .  m i n u t u m
A .  a n d e r s o n i
G T T C 0 2  A .  a n d e r s o n i  U S A
F i g u r e  9 .  C o m p a r i s o n  b e t w e e n  p h y l o g e n y  a n d  t o x i c i t y .  T o x i c  s t r a i n s  a r e  i n d i c a t e d  i n
b o l d  t y e ,  n o n - t o x i c  s t r a i n s  i n  l i g h t  t y p e .  G r a y  t y p e  i s  u s e d  w h e r e  t o x i c i t y  i s  u n k o w n .
2 1 0
A M B O P 0 1 4  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A m A B  A  p a c i f i c a  N e w  Z e a l a n d ,  M
6 1  A M N Z 0 1  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A M N Z 0 3  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A M N Z 0 2  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
A M B O P 0 0 6  A .  p a c i f i c a  N e w  Z e a l a n d ,  M
6 6  T M L - 4 2  A .  p a c i f i c a  T a i w a n ,  M
A M T K - 1  A .  p a c i f i c a  T a i w a n ,  M
A L 2 V  A .  m i n u t u m  S p a i n ,  L
L A C 2 7  A .  m i n u t u m  I t a l y ,  L
A M A D 0 6  A .  m i n u t u m  A u s t r a l i a ,  M
1 0 0  A M A D 0 1  A .  m i n u t u m  A u s t r a l i a ,  M
G T P O R T  A .  m i n u t u m  P o r t u g a l ,  L
A L  1 V  A .  m i n u t u m  S p a i n ,  M
A I 1 8 V  A .  m i n u t u m  P o r t u g a l ,  L
A L 9 T  A .  m i n u t u m  I t a l y ,  L
A M 8 9 B M  A .  m i n u t u m  F r a n c e ,  M
6 3  A M 9 9 P Z  A .  m i n u t u m  F r a n c e ,  M
X 2 0  A .  m i n u t u m  M
A M 3  A .  m i n u t u m  F r a n c e ,  M
A L 8 T  A .  m i n u t u m  I t a l y ,  L
A L 1 T  A  m i n u t u m  I t a l y ,  L
A M F L  A .  m i n u t u m  E n g l a n d ,  M
A M 1  A .  m i n u t u m  F r a n c e ,  M
9 5 / 1  A .  m i n u t u m  F r a n c e ,  M
9 1 1 2  A .  m i n u f u m  F r a n c e ,  M
9 5 / 4  A .  m i n u f u r n  F r a n c e ,  M
A M I R 3  A .  m i n u t u m  I r e l a n d ,  M
A M I R 1  A .  m í n u t u m  I r e l a n d ,  M
A T 4 T  A .  m i n u t u m  i t a l y  T
A M 2  A .  m i n u t u m  F r a n c e ,  M
X 1 3  A .  m i n u t u m  F r a n c e ,  M
A L 5 T  A  m i n u t u m  I t a l y ,  L
T k  A l e x  A s p .  9 2 T  J a p a n  A .  S p .  9 2 T
0 - 1 6 4 - C - 6  A .  s p ,  J a p a n  ' l
1  0 - 1 6 3 - C - 5  A  s p ,  J a p a n  I
I  A .  i n s u e t u m
1 0 0
9 7
7 0
1 0 0
6 2
A l 1 0 4  A .  i n s u e t u m  J a p a n
0 - 1 5 5 - B - 1  A .  i n s u e t u m  J a p a n
X 6  A .  i n s u e t u m  F r a n c e
A 5 t  A .  t a m u t u m  I t a l y
A L 2 T  A .  t a m u t u m  I t a l y
8 9  A B / 2  A  t a m u t u m  I t a l y
A 3 t  A .  t a m u t u m  l t a l y
C 7 / 2  A .  t a m u t u m  I t a l y
A M T K - 5  A .  t a m u t u m  T a i w a n
A O N Z 0 4  A .  o s t e n e l d i i  N e w  Z e a l a n d  1
K - 0 2 8 7  A .  o s t e n e l d i i  D e n m a r k
H T 1 4 0 - E 4  A .  o s t e n e l d i ì  U S A
A .  t a m u t u m
A .  p a c i f i c a
A .  m i n u t u m
A .  s p .
A .  o s t e n f e l d i i
-  0 . 0 0 5  s u b s t i t u t i o n s / s i t e
2 1 1
A .  a n d e r s o n i
G T T C 0 2  A .  a n d e r s o n i  U S A
R E F E R E N C E S
A n d e r s o n ,  D .  M .  1 9 8 9 .  T o x i c  a l g a l  b l o o m s  a n d  r e d  t i d e s :  a  g l o b a l  p e r s p e c t i v e .  i n
O k a i c h i ,  A n d e r s o n ,  D .  M . ,  a n d  N e m o t o .  e d s .  R e d  t i d e s :  b i o l o g y ,  e n v i r o n m e n t a l
s c i e n c e ,  a n d  t o x i c o l o g y .  E l s e v i e r  S c i e n c e  P u b l i s h i n g  C o . ,  I n c . p p .
A n d e r s o n ,  D .  M . ,  K u l i s ,  D .  M . ,  a n d  B i n d e r ,  B .  J .  1 9 8 4 .  S e x u a l i t y  a n d  c y s t  f o r m a t i o n  i n
t h e  d i n o f l a g e l l a t e  G o n y a u l a x  t a m a r e n s i s :  c y s t  y i e l d  i n  b a t c h  c u l t u e s .  J o u r n a l  o f
P h y c o l o g y .  2 0 :  4 1 8 - 4 2 5 .
A n d e r s o n ,  D .  M . ,  K u l i s ,  D .  M . ,  D o u c e t t e ,  G .  J "  G a l l a g h e r ,  J .  C . ,  a n d  B a l e c h ,  E .  1 9 9 4 .
B i o g e o g r a p h y  o f  t o x i c  d i n o f l a g e l l a t e s  i n  t h e  g e n u s  A l e x a n d r i u m  f r o m  t h e
N o r t h e a s t e r n  U n i t e d  S t a t e s  a n d  C a n a d a .  M a r i n e  B i o l o g y .  1 2 0 :  4 6 7 - 4 7 8 .
B a l e c h ,  E .  1 9 9 5 .  T h e  g e n u s  
A l e x a n d r i u m  H a l i m  ( d i n o f l a g e l l a t a ) ,  S h e r k i n  I s l a n d  M a r i n e
S t a t i o n ,  S h e r k i n  I s l a n d ,  I r e l a n d ,  1 5 1  p p .
B e c h e m i n ,  C . ,  G r z e b y k ,  D . ,  H a c h a m e ,  F . ,  H u m m e r t ,  C . ,  a n d  M a e s t r i n i ,  S .  Y  1 9 9 9 .  E f f e c t
o f  d i f f e r e n t  n i t r o g e n / p h o s p h o r u s  n u t r i e n t  r a t i o s  o n  t h e  t o x i n  c o n t e n t  i n
A l e x a n d r i u m  m i n u t u m .  A q u a t i c  M i c r o b i a l  E c o l o g y .  2 0 :  1 5 7 - 1 6 5 .
B e l i n ,  C .  1 9 9 3 .  D i s t r i b u t i o n  o f  D i n o p h y s i s  s p p .  a n d  A l e x a n d r i u m  m i n u t u m  a l o n g  F r e n c h
c o a s t s  s i n c e  1 9 8 4  a n d  t h e i r  D S P  a n d  P S P  t o x i c i t y  l e v e l s .  i n  S m a y d a ,  T .  J . ,  a n d
S h i m i z u ,  Y .  e d s .  T o x i c  P h y t o p l a n k t o n  B l o o m s  i n  t h e  S e a  E l s e v i e r  S c i e n c e
P u b l i s h e r s ,  4 6 9 - 4 7 4  p p .
C e m b e l l a ,  A .  D .  1 9 9 8 .  E c o p h y s i o l o g y  a n d  m e t a b o l i s m  o f  
p a r a l y t i c  s h e l l f i s h  t o x i n s  i n
m a r i n e  m i c r o a l g a e .  i n  A n d e r s o n ,  D .  M . ,  C e m b e l l a ,  A .  D . ,  a n d  H a l l e g r a e f f ,  G .  M .
e d s .  P h y s i o l o g i c a l  E c o l o g y  o f  
H a r m f u l  A l g a l  B l o o m s  N A T O  A S I  S e r i e s  S p r i n g e r ,
B e r l i n ,  3 8 1 - 4 0 3  p p .
C h a n g ,  F  H . ,  A n d e r s o n ,  D .  M . ,  K u l i s ,  D .  M . ,  a n d  T i l ,  D .  G .  1 9 9 7 .  T o x i n  p r o d u c t i o n  o f
A l e x a n d r i u m  m i n u t u m  ( D i n o p h y c e a e )  f r o m  t h e  B a y  o f  
P l e n t y ,  N e w  Z e a l a n d .
T o x i c o n .  3 5 :  3 9 3 - 4 0 9 .
C h a n g ,  F  H . ,  G a r t h w a i t e ,  I . ,  A n d e r s o n ,  D .  M . ,  T o w e r s ,  N . ,  S t e w a r t ,  R . ,  a n d  M a c K e n z i e ,
L .  1 9 9 9 .  I m m u n o f l u o r e s c e n t  d e t e c t i o n  o f  a  P S P - p r o d u c i n g  d i n o f l a g e l l a t e ,
A l e x a n d r i u m  m i n u t u m ,  f r o m  B a y  o f  
P l e n t y ,  N e w  Z e a l a n d .  N e w  Z e a l a n d  J o u r a l
o f  M a r i n e  a n d  F r e s h w a t e r  R e s e a r c h .  3 3 :  5 3 3 - 5 4 3 .
d e  S a l a s ,  M . ,  v a n  E m m e r i k ,  M .  J . ,  H a l l e g r a e f f ,  G .  M . ,  N e g r i ,  A . ,  P . ,  V a i l l a n c o u r ,  R .  E . ,
a n d  B o l c h ,  C .  J .  S .  2 0 0 1  T o x i c  A u s t r a l i a n  
A l e x a n d r i u m  d i n o f l a g e l l a t e s :
i n t r o d u c e d  o r  i n d i g e n o u s ?  i n  H a l l e g r a e f f ,  G .  M . ,  B l a c k b u r ,  S .  1 . ,  B o l c h ,  C .  J .  S . ,
2 1 2
a n d  L e w i s ,  R .  J .  e d s .  H a r m f u l  A l g a l  B l o o m s  2 0 0 0  I n t e r g o v e r n e n t a l
O c e a n o g r a p h i c  C o m m i s s i o n  o f  
U N E S C O  2 0 0 1 ,  2 1 4 - 2 1 7  p p .
E l b r a c h t e r ,  M .  1 9 9 9 .  E x o t i c  f l a g e l l a t e s  o f  c o a s t a l  N o r t h  S e a  w a t e r s .  H e l g o l a n d e r
M e e r e s u n t e r s u c h u n g e n .  5 2 '  2 3 5 - 2 4 2 .
E l l e g a a r d ,  M . ,  D a u g b j e r g ,  N . ,  R o c h o n ,  A . ,  L e w i s ,  J . ,  a n d  H a r d i n g ,  1 .  2 0 0 3 .
M o r p h o l o g i c a l  a n d  L S U  r D N A  s e q u e n c e  v a r i a t i o n  w i t h i n  t h e  G o n y a u l a x
s p i n i f e r a - S p i n i f e r i t e s  g r o u p  ( D i n o p h y c e a e )  a n d  p r o p o s a l  o f  G .  e l o n g a t a  c o m b .
n o v o  a n d  G .  m e m b r a n a c e a  c o m b .  n o v  P h y c o l o g i a .  4 2 :  1 5 1 - 1 6 4 .
F r a n c o ,  J .  M . ,  F e r n a n d e z ,  P . ,  a n d  R e g u e r a ,  B .  1 9 9 4 .  T o x i n  p r o f i l e s  o f  
n a t u r a l  p o p u l a t i o n s
a n d  c u l t u r e s  o f  A l e x a n d r i u m  m i n u t u m  H a l i m  f r o m  G a l i c i a n  ( S p a i n )  c o a s t a l
w a t e r s .  J o u r n a l  o f  A p p l i e d  P h y c o l o g y .  6 :  2 7 5 - 2 7 9 .
F r a n c o ,  J .  M . ,  F r a g a ,  S . ,  Z a p a t a ,  M . ,  B r a v o ,  1 . ,  F e r n a n d e z ,  P . ,  a n d  R a m i l o ,  1 .  1 9 9 5 .
C o m p a r i s o n  b e t w e e n  d i f f e r e n t  s t r a i n s  o f  g e n u s  A l e x a n d r i u m  o f  t h e  m i n u t u m
g r o u p .  i n  H a r m f u l  M a r i n e  A l g a l  B l o o m s .  P a r i s ,  5 3 - 5 8  p p .
G i a c o b b e ,  M .  G . ,  O l i v a ,  F .  D . ,  a n d  M a i m o n e ,  G  1 9 9 6 .  E n v i r o n m e n t a l  f a c t o r s  a n d
s e a s o n a l  o c c u r r e n c e  o f  t h e  d i n o f l a g e l l a t e  A l e x a n d r i u m  m i n u t u m ,  a  P S P  p o t e n t i a l
p r o d u c e r ,  i n  a  M e d i t e r r a n e a n  l a g o o n .  E s t u a r i n e ,  C o a s t a l  a n d  S h e l f  S c i e n c e .  4 2 :
5 3 9 - 5 4 9 .
G i b s o n ,  T . ,  H i g g i n s ,  D .  G . ,  a n d  T h o m p s o n ,  J .  1 9 9 4 .  C l u s t a l  X :  I m p r o v e d  s o f t w a r e  f o r
m u l t i p l e  s e q u e n c e  a l i g n m e n t .  E M B L ,  H e i d l e b e r g ,  G e r m a n y .
G o d h e ,  A . ,  K a r u n a s a g a r ,  1 . ,  K a r u n a s a g a r ,  1 . ,  a n d  K a r l s o n ,  B .  2 0 0 0 .  D i n o f l a g e l l a t e  c y c s t s
i n  r e c e n t  m a r i n e  s e d i m e n t s  f r o m  S W  I n d i a .  B o t a n i c a  M a r i n a .  4 3 :  3 9 - 4 8 .
G o d h e ,  A . ,  O t t a ,  S .  K . ,  R e h n s t a m - H o l m ,  A . - S . ,  K a r u n a s a g a r ,  1 . ,  a n d  K a r u n a s a g a r ,  1 .
2 0 0 1 .  P o l y m e r a s e  c h a i n  r e a c t i o n  i n  d e t e c t i o n  o f  G y m n o d i n i u m  m i k i m o t o i  a n d
A l e x a n d r i u m  m i n u t u m  i n  f i e l d  s a m p l e s  f r o m  s o u t h w e s t  I n d i a .  M a r i n e
B i o t e c h n o l o g y .  3 :  1 5 2 - 1 6 2 .
G r o s s ,  J  1 9 8 9 .  R e - o c c u r r e n c e  o f  
r e d  t i d e  i n  C o r k  H a r b o r ,  I r e l a n d .  R e d  T i d e  N e w s l e t t e r .
2 :  4 - 5 .
G u i l l o u ,  L . ,  N é z a n ,  E . ,  C u e f f ,  V . ,  E r a r d - L e  D e n n ,  E . ,  C a m b o n - B o n a v i t a ,  M . - A . ,  G e n t i e n ,
P . ,  a n d  B a r b i e r ,  G  2 0 0 2 .  G e n e t i c  d i v e r s i t y  a n d  m o l e c u l a r  d e t e c t i o n  o f  
t h r e e  t o x i c
d i n o f l a g e l l a t e  g e n e r a  ( A l e x a n d r i u m ,  D i n o p h y s i s ,  a n d  K a r e n i a )  f r o m  F r e n c h
c o a s t s .  P r o t i s t .  1 5 3 :  2 2 3 - 2 3 8 .
2 1 3
H a l i m ,  Y  1 9 6 0 .  A l e x a n d r i u m  m i n u t u m  n .  g e n .  n .  s p .  d i n o f l a g e l l e  p r o v o c a n t  d e s  e a u x
r o u g e s .  V i e  M i l i e u .  1 1 '  1 0 2 - 1 0 5 .
H a l l e g r a e f f ,  G .  1 9 9 3 .  A  r e v i e w  o f  
h a r m f u l  a l g a l  b l o o m s  a n d  t h e i r  a p p a r e n t  g l o b a l
i n c r e a s e .  P h y c o l o g i a .  3 2 :  7 9 - 9 9 .
H a l l e g r a e f f ,  G . ,  S t e f f e n s e n ,  D .  A . ,  a n d  W e t h e r b e e ,  R .  1 9 8 8 .  T h r e e  e s t u a r i n e  A u s t r a l i a n
d i n o f l a g e l l a t e s  t h a t  c a n  p r o d u c e  p a r a l y t i c  s h e l l f i s h  t o x i n s .  J o u r n a l  o f  P l a n k t o n
R e s e a r c h .  1 0 :  5 3 3 - 5 4 1 .
H a n s e n ,  G . ,  D a u g b J e r g ,  N . ,  a n d  F r a n c o ,  J .  M .  2 0 0 3 .  M o r p h o l o g y ,  t o x i n  c o m p o s i t i o n  a n d
L S U  r D N A  p h y l o g e n y  o f  A l e x a n d r i u m  m i n u t u m  ( D i n o p h y c e a e )  f r o m  D e n m a r k ,
w i t h  s o m e  m o r p h o l o g i c a l  o b s e r v a t i o n s  o n  o t h e r  E u r o p e a n  s t r a i n s .  H a r m f u l  A l g a e ,
a c c e p t e d .
H o n s e l l ,  G .  1 9 9 3 .  F i r s t  r e p o r t  o f  A l e x a n d r i u m  m i n u t u m  i n  n o r t h e r n  A d r i a t i c  w a t e r s
( M e d i t e r r a n e a n  S e a ) .  T o x i c  P h y t o p l a n k t o n  B l o o m s  i n  t h e  S e a  E l s e v i e r ,
A m s t e r d a m ,  1 2 7 - 1 3 2  p p .
H u e l s e n b e c k ,  1 .  P . ,  a n d  R o n q u i s t ,  F .  R .  2 0 0 1 .  M r B a y e s :  B a y e s i a n  i n f e r e n c e  o f
p h y l o g e n y  B i o i n f o r m a t i c s .  1 7 :  7 5 4 - 7 5 5 .
H w a n g ,  D . - F . ,  T s a i ,  Y . - H . ,  L i a o ,  H . - J . ,  M a t s u o k a ,  K . ,  N o g u c h i ,  T . ,  a n d  J e n g ,  S . - S .  1 9 9 9 .
T o x i n s  o f  t h e  d i n o f l a g e l l a t e  A l e x a n d r i u m  m i n u t u m  H a l i m  f r o m  t h e  c o a s t a l  w a t e r s
a n d  a q u a c u l t u r e  p o n d s  i n  s o u t h e r n  T a i w a n .  F i s h e r i e s  s c i e n c e .  6 5 :  1 7 1 - 1 7 2 .
K i m ,  C .  J . ,  S a k o ,  Y . ,  a n d  U c h i d a ,  A .  2 0 0 3 .  T h e  p h y l o g e n e t i c  r e l a t i o n s h i p s  w i t h i n  t h e
g e n u s  A l e x a n d r i u m  ( D i n o p h y c e a e )  b a s e d  o n  n u c l e a r - e n c o d e d  S S U  a n d  L S U
r D N A  D  l I D 2  s e q u e n c e s .  G e n B a n k .
K i m ,  K . - Y . ,  Y o s h i d a ,  M . ,  F u k u y o ,  Y . ,  a n d  K i m ,  C . - H .  2 0 0 2 .  M o r p h o l o g i c a l  o b s e r v a t i o n
o f  A l e x a n d r i u m  t a m a r e n s e  ( L e b o u r )  B a l e c h ,  A .  c a t e n e l l a  ( W h e d o n  e t  K o f o i d )
B a l e c h  a n d  o n e  r e l a t e d  m o r p h o t y p e  ( D i n o p h y c e a e )  i n  K o r e a .  A l g a e .  1 7 :  1 1 - 1 9 .
L i l y ,  E .  L . ,  H a l a n y c h ,  K .  M . ,  a n d  A n d e r s o n ,  D . ,  M .  2 0 0 3 .  P h y l o g e n y  o f  
t h e  t o x i c
d i n o f l a g e l l a t e  g e n u s  A l e x a n d r i u m  ( D i n o p h y c e a e ) .  S u b m i t t e d :  J o u r n a l  o f
P h y c o l o g y
L i l y ,  E .  L . ,  K u l i s ,  D .  M . ,  G e n t i e n ,  P . ,  a n d  A n d e r s o n ,  D .  M .  2 0 0 2 .  P a r a l y t i c  s h e l l f i s h
p o i s o n i n g  t o x i n s  i n  F r a n c e  l i n k e d  t o  a  h u m a n - i n t r o d u c e d  s t r a i n  o f  A l e x a n d r i u m
c a t e n e l l a  f r o m  t h e  w e s t e r n  P a c i f i c .  e v i d e n c e  f r o m  D N A  a n d  t o x i n  a n a l y s i s .
J o u r n a l  o f  
P l a n k t o n  R e s e a r c h .  2 4 :  4 4 3 - 4 5 2 .
2 1 4
M a c K e n z i e ,  L . ,  a n d  B e r k e t t ,  N .  1 9 9 7 .  C e l l  m o r p h o l o g y  a n d  P S P - t o x i n  p r o f i e s  o f
A l e x a n d r i u m  m i n u t u m  i n  t h e  M a r l b o r o u g h  S o u n d s ,  N e w  Z e a l a n d .  N e w  Z e a l a n d
J o u r n a l  o f  
M a n n e  a n d  F r e s h w a t e r  R e s e a r c h .  4 1 :  4 0 3 - 4 0 9 .
M a c K e n z i e ,  L . ,  W h i t e ,  D . ,  O s h i m a ,  Y . ,  a n d  K a p a ,  J .  1 9 9 6 .  T h e  r e s t i n g  c y s t  a n d  t o x i c i t y
o f  A l e x a n d r i u m  o s t e n f e l d i i  ( D i n o p h y c e a e )  i n  N e w  Z e a l a n d .  P h y c o l o g i a .  3 5 '  1 4 8 -
1 5 5 .
M a d d i s o n ,  D .  R . ,  a n d  M a d d i s o n ,  W  P  2 0 0 0 .  M a c C l a d e  4 :  A n a l y s i s  o f  
p h y l o g e n y  a n d
c h a r a c t e r  e v o l u t i o n .  S i n a u e r  A s s o c i a t e s ,  S u n d e r l a n d ,  M a s s a c h u s e t t s .  4 . 0 .
M a r t i n s ,  C .  A . ,  F r a n c a ,  S . ,  a n d  A n d e r s o n ,  D .  M .  2 0 0 2 .  D i f f e r e n c e s  b e t w e e n  t w o
s u b c u l t u r e s  o f  A .  l u s i t a n i c u m  l o s s  o f  t o x i c i t y  i n  c u l t u r e s  o f  A l e x a n d r i u m
l u s i t a n i c u m .  X t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  H a r m f u l  A l g a e :  B o o k  o f  A b s t r a c t s .
1 8 8 .
M e n d o z a ,  H . ,  L o p e z - R o d a s ,  v . ,  G o n z a l e z - G i l ,  S . ,  A g u i l e r a ,  A . ,  a n d  C o s t a s ,  E .  1 9 9 5 .  T h e
u s e  o f  p o l y c l o n a l  a n t i s e r a  a n d  b l o c k i n g  o f  a n t i b o d i e s  i n  t h e  i d e n t i f i c a t i o n  o f
m a r i n e  d i n o f l a g e l l a t e s :  s p e c i e s - s p e c i f i c  a n d  c l o n e - s p e c i f i c  a n t i s e r a  a g a i n s t
G y m n o d i n u m  a n d  
A l e x a n d r i u m .  J o u r n a l  o f  
E x p e r i m e n t a l  M a r i n e  B i o l o g y  a n d
E c o l o g y .  1 8 6 :  1 0 3 - 1 1 5 .
M o n t r e s o r ,  M . ,  J o h n ,  U . ,  B e r a n ,  A . ,  P o l e t t i ,  R . ,  a n d  M e d l i n ,  L .  K .  2 0 0 2 .  A l e x a n d r i u m
t a m u t u m  s p .  n o v . ,  a  n e w  s p e c i e s  c l o s e l y  r e l a t e d  t o  A .  m i n u t u m .  i n  T e n t h
I n t e r n a t i o n a l  C o n f e r e n c e  o n  H a r m f u l  A l g a e .  S t .  P e t e  B e a c h ,  F l o n d a  U S A ,  2 0 4  p p .
M o n t r e s o r ,  M . ,  S g r o s s o ,  S . ,  P r o c a c c i n i ,  G . ,  a n d  K o o i s t r a ,  W .  H .  C .  F .  2 0 0 3 .  I n t r a s p e c i f i c
d i v e r s i t y  i n  S c r i p p s i e l l a  t r o c h o i d e a  ( D i n o p h y c e a e ) :  e v i d e n c e  f o r  c r y p t i c  s p e c i e s .
P h y c o l o g i a .  4 2 :  5 6 - 7 0 .
N a s c i m e n t o ,  S .  M . ,  P u r d i e ,  D .  A . ,  L i l l y ,  E .  L . ,  L a r s e n ,  J . ,  a n d  M o r r i s ,  S .  2 0 0 3 .  A  u n i q u e
p a r a l y t i c  s h e l l f i s h  p o i s o n i n g  t o x i n  p r o f i l e  i n  a n  i s o l a t e  o f  A l e x a n d r i u m  m i n u t u m
( D i n o p h y c e a e )  f r o m  a  c o a s t a l  l a g o o n  i n  s o u t h e r  U K .  S u b m i t t e d :  J o u r n a l  o f
P h y c o l o g y .
N e h r i n g ,  S .  1 9 9 8 .  N o n - i n d i g e n o u s  p h y t o p l a n k t o n  s p e c i e s  i n  t h e  N o r t h  S e a :  s u p p o s e d
r e g i o n  o f  o r i g i n  a n d  p o s s i b l e  t r a n s p o r t  v e c t o r .  A r c h i v e  o f  
F i s h e r y  a n d  M a n n e
R e s e a r c h .  4 6 :  1 8 1 - 1 9 4 .
O s h i m a ,  Y . ,  H i r o t a ,  M . ,  Y a m a m o t o ,  T . ,  H a l l e g r a e f f ,  G .  M . ,  B l a c k b u r n ,  S .  1 . ,  a n d
S t e f f e n s e n ,  D .  A .  1 9 8 9 .  P r o d u c t i o n  o f  
p a r a l y t i c  s h e l l f i s h  t o x i n s  b y  t h e
d i n o f l a g e l l a t e  A l e x a n d r i u m  m i n u t u m  H a l i m  f r o m  A u s t r a l i a .  N i p p o n  S u i s a n
G a k k a i s h i .  5 5  9 2 5 .
2 1 5
P e r s i c h ,  G .  R . ,  K u l i s ,  D .  M . ,  L i l y ,  E .  L . ,  A n d e r s o n ,  D . ,  M . ,  a n d  G a r c i a ,  V .  M .  T .  2 0 0 3 .
P r o b a b l e  o r i g i n  a n d  t o x i n  p r o f i l e  o f  A l e x a n d r i u m  t a m a r e n s e  ( L e b o u r )  B a l e c h
f r o m  s o u t h e r n  B r a z i L .  I n  P r e p .
P e r s s o n ,  A . ,  G o d h e ,  A . ,  a n d  K a r l s o n ,  B .  2 0 0 0 .  D i n o f l a g e l l a t e  c y c s t s  i n  r e c e n t  s e d i m e n t s
f r o m  t h e  w e s t  c o a s t  o f  S w e d e n .  B o t a n i c a  M a r i n a .  4 3 :  6 9 - 7 9 .
P o s a d a ,  D . ,  a n d  C r a n d a l l ,  K .  A .  1 9 9 8 .  M o d e l t e s t :  t e s t i n g  t h e  m o d e l  o f  
D N A  s u b s t i t u t i o n .
B i o i n f o r m a t i c s .  1 4 ~  8 1 7 - 8 1 8 .
S c h o l i n ,  C .  A . ,  a n d  A n d e r s o n ,  D .  M .  1 9 9 4 .  I d e n t i f i c a t i o n  o f  g r o u p  a n d  s t r a i n - s p e c i f i c
g e n e t i c  m a r k e r s  f o r  g l o b a l l y  d i s t r i b u t e d  A l e x a n d r i u m  ( d i n o p h y c e a e ) .  i .  R F L P
a n a l y s i s  o f S S U  r R N A  g e n e s , .  J o u r n a l o f P h y c o l o g y  3 0 :  7 4 4 - 7 5 4 .
S c h o l i n ,  C .  A . ,  H e r z o g ,  M . ,  S o g i n , M . ,  a n d  A n d e r s o n ,  D .  M .  1 9 9 4 .  I d e n t i f i c a t i o n  o f  g r o u p
a n d  s t r a i n - s p e c i f i c  g e n e t i c  m a r k e r s  f o r  g l o b a l l y  d i s t r b u t e d  A l e x a n d r i u m
( D i n o p h y c e a e ) .  I I .  S e q u e n c e  a n a l y s i s  o f a  f r a g m e n t  o f  
t h e  L S U  r R N A  g e n e .
J o u r n a l o f P h y c o l o g y  3 0 :  9 9 9 - 1 0 1 1 .
S h i m o d a i r a ,  H . ,  a n d  H a s e g a w a ,  M .  1 9 9 9 .  M u l t i p l e  c o m p a r i s o n s  o f l o g - l i k e l i h o o d s  w i t h
a p p l i c a t i o n s  t o  p h y l o g e n e t i c  i n f e r e n c e .  M o l e c u l a r  B i o l o g y  a n d  E v o l u t i o n .  1 6 :
1 1 1 4 - 1 1 1 6 .
S p a l t e r ,  R .  A . ,  W a l s h ,  D . ,  R e e v e s ,  R .  A . ,  S a u l ,  D .  J . ,  G r a y ,  R . ,  D . ,  B e r g q u i s t ,  P .  L . ,
M a c K e n z i e ,  L . ,  a n d  B e r g q u i s t ,  P .  R .  1 9 9 7 .  S e q u e n c e  h e t e r o g e n e i t y  o f  
t h e
r i b o s o m a l  R N A  i n t e r g e n i c  r e g i o n  f o r  t h e  d e t e c t i o n  o f  A l e x a n d r i u m  s p e c i e s .
B i o c h e m i c a l  S y s t e m a t i c s  a n d  E c o l o g y  2 5 :  2 3 1 - 2 3 9 .
S w o f f o r d ,  D .  2 0 0 2 .  P  A U P :  P h y l o g e n e t i c  a n a l y s i s  u s i n g  p a r s i m o n y  S i n a u e r  A s s o c i a t e s ,
S u n d e r l a n d ,  M A .  4 . 0 b l O .
T a m u r a ,  K . ,  a n d  N e i ,  M .  1 9 9 3 .  E s t i m a t i o n  o f  
t h e  n u m b e r  o f n u c 1 e o t i d e  s u b s t i t u t i o n s  i n
t h e  c o n t r o l  r e g i o n  o f  m i t o c h o n d r i a l  D N A  i n  h u m a n s  a n d  c h i m p a n z e e s .  M o l e c u l a r
B i o l o g y  a n d  E v o l u t i o n .  1 0 :  5 1 2 - 5 2 6 .
T a y l o r ,  F .  J .  R .  1 9 9 3 .  T h e  s p e c i e s  p r o b l e m  a n d  i t s  i m p a c t  o n  h a r m f u l  a l g a l  p h y t o p l a n k t o n
s t u d i e s .  i n  S m a y d a ,  T  J . ,  a n d  S h i m i z u ,  Y .  e d s .  T o x i c  P h y t o p l a n k t o n  B l o o m s  i n
t h e  S e a  E l s e v i e r  S c i e n c e  P u b l i s h e r s  B . V . ,  A m s t e r d a m ,  8 1 - 8 6  p p .
T a y l o r ,  F .  1 .  R . ,  F u k u y o ,  Y . ,  a n d  L a r s e n ,  J .  1 9 9 5  T a x o n o m y  o f  
h a r m f u l  d i n o f l a g e l l a t e s .
i n  H a l l e g r a e f f ,  G .  M . ,  A n d e r s o n ,  D .  M . ,  a n d  C e m b e l l a ,  A .  D .  e d s .  M a n u a l  o n
H a r m f u l  M a r i n e  M i c r o a l g a e .  I O C  M a n u a l s  a n d  G u i d e s  N o .  3 3  I n t e r g o v e r n e n t a l
O c e a n o g r a p h i c  C o m m i s s i o n  o f  
U N E S C O ,  2 8 3 - 3 1 7  p p .
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U s u p ,  G . ,  P i n ,  L .  C . ,  A h m a d ,  A . ,  a n d  T e e n ,  L .  P .  2 0 0 2 .  A l e x a n d r i u m  ( D i n o p h y c e a e )
s p e c i e s  i n  M a l a y s i a n  w a t e r s .  H a r m f u l  A l g a e .  1 .  2 6 5 - 2 7 5 .
V i l a ,  M . ,  G a r c e s ,  E . ,  M a s o ,  M . ,  a n d  C a m p ,  J .  2 0 0 1  I s  t h e  d i s t r i b u t i o n  o f  
t h e  t o x i c
d i n o f l a g e l l a t e  A l e x a n d r i u m  c a t e n e l l a  e x p a n d i n g  a l o n g  t h e  N W  M e d i t e r r a n e a n
c o a s t ?  M a r i n e  E c o l o g y  P r o g r e s s  S e r i e s .  2 2 2 :  7 3 - 8 3 .
W a l s h ,  D . ,  R e e v e s ,  R .  A . ,  S a u l ,  D .  J . ,  G r a y ,  R . ,  D . ,  M a c K e n z i e ,  L . ,  B e r g q u i s t ,  P .  L . ,  a n d
B e r g q u i s t ,  P .  R .  1 9 9 8 .  H e t e r o g e n e i t y  o f  S S U  a n d  L S U  r D N A  s e q u e n c e s  o f
A l e x a n d r i u m  s p e c i e s .  B i o c h e m i c a l  S y s t e m a t i c s  a n d  E c o l o g y  2 6 :  4 9 5 - 5 0 9 .
Z a r d o y a ,  R . ,  C o s t a s ,  E . ,  L o p e z - R o d a s ,  V . ,  G a r r i d o - P e r t i e r r a ,  A . ,  a n d  B a u t i s t a ,  J .  M .  1 9 9 5 .
R e v i s e d  d i n o f l a g e l l a t e  p h y l o g e n y  i n f e r r e d  f r o m  m o l e c u l a r  a n a l y s i s  o f  l a r g e -
s u b u n i t  r i b o s o m a l  R N A  g e n e  s e q u e n c e s .  J o u r n a l  o f  
M o l e c u l a r  E v o l u t i o n .  4 1 :  6 3 7 -
6 4 5 .
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C h a p t e r  V I .  C o n c l u s i o n s
T h i s  t h e s i s  h a s  e x a m i n e d  t h e  d i n o f l a g e l l a t e  g e n u s  A l e x a n d r i u m ,  s e v e r a l  s p e c i e s  o f  w h i c h
a r e  r e s p o n s i b l e  f o r  c a u s i n g  P a r a l y t i c  S h e l l f i s h  P o i s o n i n g  w o r l d w i d e .  T h e  i n c i d e n c e  a n d
g e o g r a p h i c  r a n g e  o f  
b o t h  A l e x a n d r i u m  a n d  P S P  h a v e  g r e a t l y  e x p a n d e d  i n  r e c e n t  d e c a d e s ,
a n d  t h e  m a j o r  g o a l  o f  
t h i s  w o r k  w a s  t o  e x a m i n e  t h e  p h y l o g e n y ,  t a x o n o m y ,  a n d
b i o g e o g r a p h y  o f  A l e x a n d r i u m  i n  l i g h t  o f  t h i s  r e c e n t  e x p a n s i o n .
C o m p r e h e n s i v e ,  r o b u s t  p h y l o g e n e t i c  r e c o n s t r c t i o n s  w e r e  c r e a t e d  f o r  t h e  A l e x a n d r i u m
g e n u s ,  t h e  t a m a r e n s i s  c o m p l e x  a n d  t h e  m i n u t u m  g r o u p .  T h e  u t i l i t y  a n d  v a l i d i t y  o f
m o r p h o l o g i c a l l y  d e f i n e d  s p e c i e s  w i t h i n  t h e  t a m a r e n s i s  a n d  m i n u t u m  c o m p l e x e s  w e r e
e x a m i n e d ,  a n d  s e v e r a l  m o r p h o  
s p e c i e s  w e r e  f o u n d  n o t  t o  r e p r e s e n t  t r u e  s p e c i e s  d i v i s i o n s .
A  n e w  t a x o n o m i c  s t r c t u r e  w a s  p r o p o s e d  t o  a c c u r a t e l y  r e f l e c t  r e l a t i o n s h i p s  a m o n g  s t r a i n s
i n  e a c h  c o m p l e x .  T h e  e v o l u t i o n  o f  m o r p h o l o g y  a n d  t o x i n  p r o d u c i n g  a b i l i t y  w e r e
e x a m i n e d  i n  e a c h  g r o u p .  I t  w a s  f o u n d  t h a t  m a n y  m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  r e l a t e d  t o
c h a i n -  f o r m i n g  a b i l i t y  a n d  t h e c a l  p l a t e  s t r c t u r e  w e r e  n o t  r o b u s t  i n d i c a t o r s  o f  g e n e t i c
r e l a t e d n e s s ,  a n d  o t h e r  c h a r a c t e r s  t h a t  w e r e  m o r e  p h y l o g e n e t i c a l l y  c o n s e r v e d  w e r e
i d e n t i f i e d .  T h e  a b i l i t y  t o  p r o d u c e  t o x i n s  h a s  b e e n  g a i n e d  a n d  l o s t  m u l t i p l e  t i m e s  t h r o u g h
A l e x a n d r i u m  e v o l u t i o n ,  w i t h i n  t h e  g e n u s  a n d  i n  b o t h  t h e  t a m a r e n s i s  c o m p l e x  a n d  t h e
m i n u t u m  g r o u p .  T h e  p h y l o g e n y ,  t a x o n o m y ,  a n d  b i o g e o g r a p h y  o f  A l e x a n d r i u m  w e r e  a l l
a n a l y z e d  i n  b o t h  t h e  t a m a r e n s i s  a n d  m i n u t u m  c o m p l e x e s  t o  e l u c i d a t e  d i s p e r s a l
m e c h a n i s m s  a n d  t h e  r e c e n t  i n c r e a s e  i n  g e o g r a p h i c  r a n g e  o f  A l e x a n d r i u m .
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F i r s t ,  a  p h y l o g e n y  w a s  r e c o n s t r c t e d  f o r  t h e  A l e x a n d r i u m  g e n u s  t h r o u g h  D 1 - D 2  L S U
r D N A  s e q u e n c e  a n a l y s i s  a n d  c o m p a r e d  t o  t r a d i t i o n a l  m o r p h o l o g i c a l  t a x o n o m y .
A l e x a n d r i u m  s p l i t  i n t o  t w o  g r o u p s ,  t e r m e d  t h e  a  c l a d e ,  w h i c h  c o n t a i n e d  t h e
m o r p h o  
s p e c i e s  o f  t h e  t a m a r e n s i s  c o m p l e x ,  A .  c a t e n e l l a ,  A .  t a m a r e n s e  a n d  A .  f u n d y e n s e ,
A .  a f f n e ,  A .  c o n  
c a v u m ,  A .  t a m i y a v a n i c h i i  a n d  A .  t r o p i c a l e ,  a n d  t h e  ß  c l a d e ,  w h i c h
c o n t a i n e d  A .  m i n u t u m ,  A .  l u s i t a n i c u m ,  A .  i n s u e t u m ,  A .  " t a m u t u m ,  J J  A .  o s t e n f e l s i i ,  A .  l e e i ,
A .  p s e u d o g o n y a u l a x ,  A .  m a r g e l e f i i  a n d  A .  a n d e r s o n i .  I n t e r s p e c i f i c  r e l a t i o n s h i p s  w e r e
u n e x p e c t e d  a n d  d i d  n o t  c o r r e l a t e  w i t h  t h e  m o r p h o l o g i c a l  t r a i t s  t r a d i t i o n a l l y  u s e d  t o  g r o u p
s p e c i e s ,  a l t h o u g h  o t h e r  t r a i t s ,  s u c h  a s  t h e  s h a p e  o f  t h e  p o s t e r i o r  s u l c a l  p l a t e ,  a p p e a r e d
p h y l o g e n e t i c a l l y  c o n s e r v e d .  T h i s  h i g h l i g h t s  t h e  n e e d  t o  r e e x a m i n e  t r a d i t i o n a l
m o r p h o l o g i c a l  t a x o n o m y  i n  A l e x a n d r i u m  a n d  t h e c a t e  d i n o f l a g e l l a t e s  i n  g e n e r a l .  T h e
r D N A  b a s e d  p h y l o g e n y  p r o v i d e d  i n  t h i s  c h a p t e r  m a y  s e r v e  a s  a  f r a m e w o r k  f o r
r e s t r u c t u r i n g  A l e x a n d r i u m  m o r p h o l o g i c a l  t a x o n o m y .  T h e  a b i l i t y  t o  p r o d u c e  t o x i n s  d i d
n o t  c o r r e l a t e  w i t h  p h y l o g e n y ,  a s  t o x i c  s t r a i n s  w e r e  i n t e r s p e r s e d  w i t h  n o n - t o x i c  s t r a i n s
t h r o u g h o u t  t h e  p h y l o g e n e t i c  t r e e ,  T h i s  s u g g e s t s  t h a t  t o x i c i t y  h a s  b e e n  a c q u i r e d  a n d / o r
l o s t  m u l t i p l e  t i m e s  d u r i n g  A l e x a n d r i u m  e v o l u t i o n .  T h e  m e c h a n i s m s  f o r  t h e  p r o d u c t i o n  o f
P S P  t o x i n s  a r e  u n k o w n ,  a n d  p e r h a p s  t h e  e a s e  w i t h  w h i c h  t o x i c i t y  i s  a p p a r e n t l y  g a i n e d
a n d  l o s t  w i t h i n  t h i s  g r o u p  c a n  o f f e r  i n s i g h t  i n t o  t h i s  p r o b l e m .
B e c a u s e  m o s t  P S P  e v e n t s  a r e  c a u s e d  b y  e i t h e r  t h e  t a m a r e n s i s  o r  m i n u t u m  c o m p l e x e s ,  t h e
p h y l o g e n y ,  s p e c i e s  d e f i n i t i o n s ,  a n d  b i o g e o g r a p h y  o f  e a c h  c o m p l e x  w a s  s t u d i e d  i n  g r e a t e r
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d e t a i L .  C h a p t e r  I I I  f o c u s e d  o n  t h e  t a m a r e n s i s  c o m p l e x ,  A .  c a t e n e l l a ,  A .  t a m a r e n s e  a n d  A .
f u n d y e n s e .  E x i s t i n g  s e q u e n c e  d a t a  w e r e  c o m b i n e d  w i t h  n e w  r D N A  s e q u e n c e s  f r o m
s t r a i n s  o f l g i i a t i n g  i n  e a c h  o f  t h e  s i x  t e m p e r a t e  c o n t i n e n t s  t o  e x a m i n e  t h e  v a l i d i t y  o f  t h e
m o r p h o  s p e c i e s ,  r e c o n s t r u c t  t h e  b i o g e o g r a p h y  o f  t h e  t a m a r e n s i s  c o m p l e x  a n d  d e t e r m i n e
t h e  o r i g i i s  o f  n e w  t o x i c  p o p u l a t i o n s .
T h e  m o r p h o  s p e c i e s  A .  c a t e n e l l a ,  A .  t a m a r e n s e ,  a n d  A .  f u n d y e n s e  d o  n o t  r e p r e s e n t  v a l i d
s p e c i e s  b y  t h e  p h y l o g e n e t i c ,  b i o l o g i c  o r  m o r p h o l o g i c a l  s p e c i e s  c o n c e p t s .  I n s t e a d ,  f i v e
c r y p t i c  s p e c i e s  w e r e  i d e n t i f i e d  t h r o u g h  p h y l o g e n y  a n d  m a t i n g  i n c o m p a t i b i l i t y .  T e n t a t i v e
n a m e s  a r e  p r o p o s e d  h e r e ,  b a s e d  o n  c h a r a c t e r i s t i c s  o f  e a c h  g r o u p .  A .  u n i v e r s a  i s  f o u n d  o n
a l l  s i x  t e m p e r a t e  c o n t i n e n t s ,  w h i l e  A .  m e d i t e r r a  i s  c u r r e n t l y  k n o w n  o n l y  f r o m  t h e
M e d i t e r r a n e a n .  A .  t a m a r e n s i s  i n c l u d e s  t h e  t y p e  l o c a t i o n  f o r  t h e  o r i g i n a l  d e s c r i p t i o n  o f
G o n y a u l a x  t a m a r e n s i s ,  t h e  n a m e  A .  t a s m a n e n s e  r e f l e c t s  t h e  t y e  l o c a t i o n  o f  
T a s m a n i a ,
a n d  A .  t o x i p o t e n s  i n d i c a t e s  t h a t  t h e s e  s t r a i n s  a r e  c a p a b l e  o f  p r o d u c i n g  t o x i n .  I n  f a c t ,  a l l
s t r a i n s  o f  A .  t o x i p o t e n s  a n d  A .  u n i v e r s a  t h a t  h a v e  b e e n  t e s t e d  c o n t a i n  P S P  t o x i n s ,  w h i l e  A .
m e d i t e r r a ,  A .  t a m a r e n s i s ,  a n d  A .  t a s m a n e n s e  c o n t a i n  o n l y  n o n - t o x i c  i s o l a t e s .  T h i s
f e a t u r e  o f  t a m a r e n s i s  c o m p l e x  p h y l o g e n y  c o u l d  p r o v e  u s e f u l  f o r  m o n i t o r i n g  a g e n c i e s ,
w h i c h  m u s t  o f t e n  d i s t i n g u i s h  b e t w e e n  t o x i c  a n d  n o n - t o x i c  A l e x a n d r i u m  t h a t  d i s p l a y  n o
m o r p h o l o g i c a l  d i f f e r e n c e s .  G e n e t i c  p r o b e s  s p e c i f i c  t o  t o x i c  a n d  n o n - t o x i c  c l a d e s  c o u l d
d i s t i n g u i s h  a  p o t e n t i a l l y  h a r m f u l  A l e x a n d r i u m  p o p u l a t i o n  f r o m  o n e  t h a t  o f f e r s  n o  p u b l i c
h e a l t h  t h r e a t .  H o w e v e r ,  w h i l e  t o x i c i t y  a p p e a r s  c l a d e  s p e c i f i c  i n  t h e  t a m a r e n s i s  c o m p l e x ,
t o x i c  a n d  n o n - t o x i c  s t r a i n s  i n t e r m i n g l e  i n  t h e  g e n u s  a s  a  w h o l e  a n d  w i t h i n  t h e  m i n u t u m
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g r o u p  i n  p a r t i c u l a r ,  i n d i c a t i n g  t h a t  c a u t i o n  s h o u l d  b e  e x e r c i s e d  w h e n  u s i n g  r D N A - b a s e d
p h y l o g e n e t i c s  t o  d i s t i n g u i s h  t o x i c  a n d  n o n - t o x i c  s p e c i e s  o f  t h e  t a m a r e n s i s  c o m p l e x .
T h e  r e c o n s t r u c t e d  b i o g e o g r a p h y  i n d i c a t e s  t h a t  w h i l e  n a t u r a l  d i s p e r s a l  h a s  s h a p e d  m u c h  o f
t h e  A l e x a n d r i u m  d i s t r i b u t i o n ,  h u m a n - a s s i s t e d  t r a n s p o r t a t i o n  a n d  i n t r o d u c t i o n  o f
A l e x a n d r i u m  t o  n e w  e n v i r o n m e n t s  a r e  r e s p o n s i b l e  f o r  r e c e n t  i n c r e a s e s  i n  t h e  g e o g r a p h i c
r a n g e  o f P S P .  H u m a n  a l t e r a t i o n  o f  
h a b i t a t  a n d  e n v i r o n m e n t a l  c h a n g e  p r o b a b l y  h a v e  a l s o
p l a y e d  a  r o l e  i n  a l l o w i n g  n a t i v e  " h i d d e n  f l o r a "  t h a t  w e r e  p r e v i o u s l y  u n d e t e c t e d  t o  b l o o m
t o  n u i s a n c e  p r o p o r t i o n s  a n d  c a u s e  t o x i c i t y .
T h e  h u m a n - a s s i s t e d  t r a n s p o r t  o f  
t o x i c  A .  c a t e n e l l a - t y p e  ( =  A ,  t o x i p o t e n s )  c e l l s  f r o m  A s i a
t o  t h e  T h a u  L a g o o n ,  F r a n c e ,  w a s  i n v e s t i g a t e d  i n  c h a p t e r  i v  M o n i t o r i n g  r e c o r d s  f o r  o v e r
a  d e c a d e  c l e a r l y  d o c u m e n t  t h a t  t h e  t a m a r e n s i s  c o m p l e x  w a s  n o t  p r e s e n t  p n o r  t o  i t s  f i r s t
d e t e c t i o n  i n  1 9 9 5 .  A f t e r  t h e  a p p a r e n t  i n t r o d u c t i o n ,  t h e  p o p u l a t i o n  t o o k  h o l d  a n d  c a u s e d
P S P  i n  1 9 9 8  a n d  s u b s e q u e n t  y e a r s .  T h i s  c h a p t e r  p r o v i d e d  m o r p h o l o g i c a l ,  D N A  s e q u e n c e
d a t a ,  a n d  t o x i n  c o m p o s i t i o n  a n d  t o x i n  c o n t e n t  p r o f i l e s  t o  d e m o n s t r a t e  t h a t  t h e  s o u r c e  o f
t h e  i n t r o d u c e d  A l e x a n d r i u m  w a s  t h e  w e s t e r n  P a c i f i c .  T h e  o n l y  p o s s i b l e  m e a n s  f o r
A l e x a n d r i u m  t o  m o v e  f r o m  t h e  w e s t e r n  P a c i f i c  t o  t h e  M e d i t e r r a n e a n  i n  r e c e n t  t i m e s  i s
w i t h  h u m a n - a s s i s t a n c e .  T h i s  c a s e  d e m o n s t r a t e s  t h e  n e e d  f o r  i n c r e a s e d  s t r i n g e n c y  i n
b a l l a s t  w a t e r  c o n t r o l  a n d  t h e  i m p o r t a t i o n  o f  s h e l l f i s h  s e e d  s t o c k  t o  p r e v e n t  f u t u r e
i n t r o d u c t i o n s  o f  h a r m f u l  o r  t o x i c  s p e c i e s  i n t o  n e w  e n v i r o n m e n t s .
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C h a p t e r  V  o f  t h i s  t h e s i s  p r o v i d e s  t h e  f i r s t  c o m p r e h e n s i v e  g l o b a l  p h y l o g e n e t i c  s t u d y  o f  t h e
m i n u t u m  g r o u p .  A .  l u s i t a n i c u m  a n d  A .  a n g u s t i t a b u l a t u m  w e r e  s h o w n  n o t  t o  b e  d i s t i n c t
s p e c i e s  b a s e d  o n  m o r p h o l o g y  a n d  p h y l o g e n y .  H o w e v e r ,  t h r e e  n e w  m i n u t u m  g r o u p
s p e c i e s  w e r e  i d e n t i f i e d  o n  t h e  b a s i s  o f  
m o r p h o l o g y ,  p h y l o g e n y  a n d  p r i o r  r e s e a r c h .  T w o ,
h e r e  t e r m e d A .  s p .  9 2 T a n d A .  s p . ,  w i l l  b e  d e s c r i b e d  b y  D r .  M .  Y o s h i d a  a s  n e w  s p e c i e s
u s i n g  m o r p h o l o g i c a l  d e t a i l s  o f  t h e  t h e c a  a n d  t h e  p h y l o g e n e t i c  e v i d e n c e  s h o w i n g  t h a t  t h e
s t r a i n s  o f  t h e s e  n e w  s p e c i e s  d o  n o t  g r o u p  w i t h  o t h e r  A .  m i n u t u m  a n d  t h a t  t h e  n e w  s p e c i e s
s h o w  h i g h  p e r c e n t a g e s  o f  g e n e t i c  d i v e r g e n c e  f r o m  A .  m i n u t u m .  T h e  t h i r d  n e w  s p e c i e s ,  A .
p a c i f c a  i s  n a m e d  f o r  t h e  P a c i f i c  O c e a n ,  w h e r e  i t  i s  n a t i v e .  N o  m o r p h o l o g i c a l  d i f f e r e n c e s
b e t w e e n  A .  p a c i f c a  a n d  A .  m i n u t u m  w e r e  u n c o v e r e d  b y  t h i s  s t u d y ,  b u t  t h e  D N A
s e q u e n c e  d a t a  s u p p o r t s  t h e  s e g r e g a t i o n s  o f t h i s  s p e c i e s .  T h e  n e w  s p e c i e s  A .  s p .  9 2 T
w h i c h  i s  c l e a r l y  d i f f e r e n t  i s  p l a c e d  b e t w e e n  A .  p a c i f c a  a n d  A .  m i n u t u m ,  g e n e t i c  d i s t a n c e s
a r e  a g a i n  h i g h ,  a n d  t h e  c l a d e  o f  A .  p a c i f c a  i s  s u p p o r t e d  w i t h  1 0 0 %  b o o t s t r a p  v a l u e s .  I t  i s
s h o w n  t h a t  A .  i n s u e t u m  a n d  A .  t a m u t u m  a r e  c l e a r l y  d i s t i n c t  s p e c i e s  c l o s e l y  r e l a t e d  t o  A .
m i n u t u m .
W i t h i n  t h e  A .  m i n u t u m  c l a d e ,  s t r a i n s  f r o m  s o u t h e r n  A u s t r a l i a n  A .  m i n u t u m  a n d  E u r o p e a n
A .  m i n u t u m  d i s p l a y e d  i d e n t i c a l  r D N A  s e q u e n c e s ,  w h i c h  s u p p o r t s  t h e  h y p o t h e s i s  t h a t  A .
m i n u t u m  w a s  i n t r o d u c e d  t o  S o u t h  A u s t r a l i a ,  p r e s u m a b l y  f r o m  E u r o p e .  W i t h i n  E u r o p e ,
t h e  i n c r e a s i n g  g e o g r a p h i c  r a n g e  o f  A .  m i n u t u m  i s  s h o w n  t o  c o n t a i n  a  s i n g l e ,  g e n e t i c a l l y
s i m i l a r ,  p o p u l a t i o n .  T h i s  g r o u p  i s  p r o b a b l y  s p r e a d i n g  b y  n a t u r a l  m e a n s ,  a l t h o u g h  t h e
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e n v i r o n m e n t a l  f a c t o r s  t h a t  h a v e  s t i m u l a t e d  i t s  d i s p e r s a l  a r e  u n k o w n  a n d  m a y  b e  h u m a n -
p r o d u c e d .
T h e  p a t t e r n  o f  
t o x i c  a n d  n o n - t o x i c  s t r a i n s  i n  t h e  p h y l o g e n e t i c  r e c o n s t r c t i o n  f o r  t h e
m i n u t u m  c o m p l e x  i s  m o r e  c o m p l e x  t h a n  t h a t  f o r  t h e  t a m a r e n s i s  c o m p l e x .  A l l  s t r a i n s  o f
A ,  p a c i f c a  t h a t  h a v e  b e e n  t e s t e d  f o r  t o x i c i t y  a r e  t o x i c ,  w h i l e  s t r a i n s  o f  A .  s p .  9 2 T ,  A .  s p . ,
A .  i n s u e t u m  a n d  A .  t a m u t u m  a r e  n o n - t o x i c .  H o w e v e r ,  A .  m i n u t u m  c o n t a i n s  b o t h  t o x i c  a n d
n o n - t o x i c  s t r a i n s ,  s o m e  o f  
w h i c h  s h a r e  1 0 0 %  s e q u e n c e  i d e n t i t y .
T h i s  t h e s i s  d e m o n s t r a t e s  t h e  i m p o r t a n c e  o f  h u m a n  a c t i o n  i n  c a u s i n g  t h e  r e c e n t  e x p a n s i o n
o f  P S P  e v e n t s  w o r l d w i d e ,  b e t t e r  d e f i n e s  s p e c i e s  b o u n d a r i e s  a n d  p r o v i d e s  a n  i n v a l u a b l e
g e n e t i c  d a t a b a s e  f o r  t r a c k i n g  f u t u r e  A l e x a n d r i u m  s p r e a d  a n d  d i s t i n g u i s h i n g  h a r m f u l  a n d
n o n - t o x i c  A l e x a n d r i u m  b l o o m s .  I t  a l s o  h i g h l i g h s  t h e  n e e d  t o  i n c l u d e  D N A  s e q u e n c e  a n d
m a t i n g  c o m p a t i b i l i t y  i n f o r m a t i o n  a l o n g  w i t h  m o r p h o l o g i c a l  v a r i a t i o n  w h e n  d e f i n i n g
d i n o f l a g e l l a t e  s p e c i e s .  B a s e d  u p o n  s u c h  d a t a ,  t r a d i t i o n a l  t a x o n o m y  f o r  t h e  t a m a r e n s i s
c o m p l e x  a n d  t h e  m i n u t u m  g r o u p  w a s  f o u n d  t o  i n a c c u r a t e l y  r e p r e s e n t  r e l a t i o n s h i p s
b e t w e e n  s p e c i e s .  N e w  t a x o n o m i c  s t r c t u r e s  a n d  n e w  s p e c i e s  a r e  p r o p o s e d  f o r  b o t h
s p e c i e s  c o m p l e x e s  t o  b e t t e r  r e f l e c t  t h e  r e l a t i o n s h i p s  a m o n g  t h e s e  i m p o r t a n t  s p e c i e s .
A d d i t i o n a l l y ,  t h i s  t h e s i s  h a s  h i g h l i g h t e d  t h e  n e e d  f o r  f u t u e  r e s e a r c h  i n  s e v e r a l  a r e a s .
F i r s t ,  s i m p l y  e x p a n d i n g  t h e  w o r k  c o n d u c t e d  h e r e i n  i s  n e e d e d .  A  m o r e  c o m p l e t e  g e n u s
p h y l o g e n y  i n c l u d i n g  a l l  o f  t h e  k n o w n  A l e x a n d r i u m  s p e c i e s  m a y  r e v e a l  a d d i t i o n a l  i n s i g h t
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i n t o  w h i c h  m o r p h o l o g i c a l  c h a r a c t e r s  t h a t  a r e  u s e f u l  f o r  s p e c i e s  i d e n t i f i c a t i o n .  T h e
t a x o n o m y  o f  t h e  t a m a r e n s i s  a n d  m i n u t u m  c o m p l e x e s  h a s  b e e n  e v a l u a t e d  a n d  a  n e w
s t r u c t u r e  p r o p o s e d ,  a n d  s i m i l a r  w o r k  s h o u l d  b e  c o n d u c t e d  f o r  t h e  r e m a i n d e r  o f  t h e  g e n u s .
T h i s  w o u l d  b e  e s p e c i a l l y  u s e f u l  i n  o t h e r  P S P - p r o d u c i n g  s p e c i e s ,  s u c h  a s  A .  o s t e n f e l d i i  o r
A .  t a m i y a v a n i c h i i  a n d  A .  c o h o r t i c u l a .  M a t i n g  t r i a l s  c o n d u c t e d  i n  c o o r d i n a t i o n  w i t h
D N A - b a s e d  p h y l o g e n e t i c s  w o u l d  p r o v i d e  s u p p o r t  f o r  r e l a t i o n s h i p s  u n c o v e r e d  a n d  o f f e r  a
m e a n s  f o r  d e l i n e a t i n g  s p e c i e s .  C o n d u c t i n g  p h y l o g e n e t i c  s t u d i e s  w i t h  a  s e c o n d ,
i n d e p e n d e n t ,  g e n e t i c  m a r k e r  w o u l d  p e r m i t  t h e  e v a l u a t i o n  o f  a l t e r n a t i v e  h y p o t h e s e s  t o
e x p l a i n  t h e  c o n f l i c t  b e t w e e n  L S U  b a s e d  p h y l o g e n y  a n d  m o r p h o l o g y .
I t  i s  a l s o  i m p o r t a n t  t o  c o n t i n u e  t o  e x p a n d  t h e  g e o g r a p h i c  r a n g e  o f  s t r a i n s  i n c l u d e d  w i t h i n
t h e  d a t a  s e t .  T h i s  t h e s i s  h a s  s h o w n  h o w  t h e  i n c l u s i o n  o f  t a m a r e n s i s  c o m p l e x  s t r a i n s  f r o m
S o u t h  A f r i c a ,  S o u t h  A m e r i c a  a n d  R u s s i a  h a s  i m p r o v e d  o u r  a b i l i t y  t o  r e c o n s t r u c t  t h e
g r o u p ' s  b i o g e o g r a p h i c  h i s t o r y  F o r  e x a m p l e ,  w h e n  t h e r e  w e r e  n o  s a m p l e s  a l o n g  t h e
P a c i f i c  c o a s t s  o f  A s i a  o r  N o r t h  A m e r i c a  b e t w e e n  A l a s k a  a n d  J a p a n ,  i t  s e e m e d  l i k e l y  t h a t
t h e  p o p u l a t i o n s  i n  J a p a n  t h a t  w e r e  c l o s e l y  r e l a t e d  t o  t h o s e  i n  N o r t h  A m e r i c a  h a d  b e e n
i n t r o d u c e d  b y  h u m a n  m e a n s .  F i n d i n g  s t r a i n s  o f  s i m i l a r  g e n e t i c  c o m p o s i t i o n  a l o n g  t h e
R u s s i a n  c o a s t l i n e  a n d  i n t o  t h e  B e r i n g  S e a  h a s  i n d i c a t e d  t h a t  t h e  J a p a n e s e  p o p u l a t i o n  m a y
s i m p l y  b e  a  n a t u r a l  r a n g e  e x t e n s i o n  o f  a  s i n g l e  n o r t h e r n  P a c i f i c  g r o u p .
T h e  i n t e r e s t i n g  p a t t e r n s  s e e n  b e t w e e n  t o x i c i t y  a n d  p h y l o g e n y  s h o u l d  b e  f u r t h e r  e x p l o r e d .
T h e r e  w e r e  m a n y  s e q u e n c e s  u s e d  i n  t h i s  w o r k  f o r  w h i c h  t o x i n  d a t a  w a s  u n a v a i l a b l e .
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S o m e  o f  t h e s e  w e r e  s e q u e n c e s  d e r i v e d  d i r e c t l y  f r o m  e n v i r o n m e n t a l  s a m p l e s ,  b u t  o t h e r
s e q u e n c e s  w e r e  d e r i v e d  f r o m  c u l t u r e s  w h i c h  c o u l d ,  a n d  s h o u l d ,  b e  t e s t e d  f o r  t o x i c i t y .
N e w  s t r a i n s  s h o u l d  b e  a n a l y z e d  b o t h  f o r  p h y l o g e n e t i c  p l a c e m e n t  a n d  t o x i c i t y  i n  s p e c i e s
c o n t a i n i n g  o n l y  a  f e w  r e p r e s e n t a t i v e s ,  s u c h  a s  A .  m e d i t e r r a ,  A .  t a s m a n e n s e ,  A .  s p .  9 2 T ,  A .
s p . ,  a n d A .  t a m u t u m .  W h i l e  e a c h  o f t h e s e  s p e c i e s  a p p e a r  t o  c o n t a i n  o n l y  n o n - t o x i c
s t r a i n s ,  a  l a r g e r  n u m b e r  o f  i s o l a t e s  m a y  a l t e r  t h i s  p a t t e r n .  O n l y  t w o  o f  t h e  1 7  s t r a i n s  o f
k n o w n  t o x i c i t y  i n  A .  m i n u t u m  w e r e  n o n - t o x i c  w h i l e  t h e  o t h e r s  w e r e  a l l  t o x i c .  T h e
p r e s e n c e  o f  n o n - t o x i c  s t r a i n s  i n  A .  m i n u t u m  m a y  h a v e  b e e n  m i s s e d  i f  f e w e r  s t r a i n s  h a d
b e e n  t e s t e d  f o r  t o x i c i t y ,  w h i c h  i n d i c a t e s  t h e  u t i l i t y  o f l a r g e r  s a m p l e  s i z e s .
F i n a l l y ,  m a n y  o f t h e  r e s u l t s  o f t h i s  t h e s i s  m a y  b e  p e r t i n e n t  t o  o t h e r  f i e l d s .  T h e  l a c k  o f
c o m p l e t e  a g r e e m e n t  b e t w e e n  p h y l o g e n y  a n d  m o r p h o l o g y  i s  l i k e l y  t o  b e  f o u n d  i n  o t h e r
p r o t i s t  t a x a ,  a n d  r e s e a r c h  s i m i l a r  t o  t h a t  d e s c r i b e d  h e r e  s h o u l d  b e  c o n d u c t e d  t o  e l u c i d a t e
r e l a t i o n s h i p s  a m o n g  t a x a  a n d  c r y t i c  t a x a .  T h i s  t h e s i s  h a s  s h o w n  h o w  a c c u r a t e  t a x o n o m y
a n d  D N A  s t u d i e s  c a n  h e l p  t o  u n c o v e r  t h e  o r i g i n s  o f  i n t r o d u c e d  p o p u l a t i o n s ,  a n d  s i m i l a r
t e c h n i q u e s  c o u l d  b e  u s e d  i n  s i t u a t i o n s  w i t h  o t h e r  i n t r o d u c e d  s p e c i e s .  T h e  i m p o r t a n c e  o f
h u m a n  a c t i o n s  i n  a l t e r i n g  h a b i t a t s  a n d  t r a n s p o r t i n g  t o x i c  s p e c i e s  h a s  b e e n  c l e a r l y
d e m o n s t r a t e d  i n  t h i s  w o r k ,  a n d  p e r h a p s  t h e s e  r e s u l t s  w i l l  a i d  i n  m a n a g i n g  g l o b a l
r e s o u r c e s  a n d  m i t i g a t i n g  e n v i r o n m e n t a l  d a m a g e  f r o m  h a r m f u l  a l g a l  b l o o m s .
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